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ABSTRACT
The current epidemic of obesity is driven, at least in part, by excessive caloric intake and
fat intake has been implicated as a major contributing factor. The mammalian taste system displays
marked plasticity, and it has been shown that the detection of fatty acids, the prototypical fat taste
stimulus, leads to reduced sensitivity upon prolonged exposure to a high-fat diet. Increased obesity
and metabolic disorders in postmenopausal females indicate that the female steroid hormone,
estrogen, may contribute to metabolic homeostasis. Sex differences in the taste system were
explored using a multidisciplinary approach to examine the ways in which estrogen influences the
detection and recognition of fatty acids in the taste system. The findings suggest that estrogen in
females is an essential factor in mediating sex differences in fat taste. Moreover, the stimulatory
effect of fatty acid taste cell activation is further enhanced by estradiol (E2), suggesting a specific
role of E2 in modulating peripheral fat detection. Genes and protein function important for the
transduction pathway of fatty acids vary between males and females and these differences exist
across the various taste papillae. In vivo support for the effect of estrogens in taste cells was
provided by comparing the fatty acid responsiveness in males, intact females, and ovariectomized
(OVX) female mice with and without hormone replacement. In general, females detected fatty
acids at lower concentrations and the presence of circulating estrogens increased this apparent fat
taste sensitivity. To study the long-term effects of fat intake in males and females, a diet-induced
obesity model was used. Estrogen loss in females lead to increases in food intake, body weight,
adiposity, and fat mass, and ultimately reduced taste cell activity. These metabolic effects were
reversed by estrogen replacement in females. Taken together, these data indicate that increased
circulating estrogens in the taste system may play a significant role in physiology and
iii

chemosensory cellular activation and, in turn, may alter taste driven behavior and overall nutrient
intake.
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CHAPTER ONE: INTRODUCTION
The primary role of a sensory system is to transduce information. That is, a sensory
system alters environmental inputs into outputs that are useful in making decisions that are
imperative to an organism’s survival. The sensory organs play a significant role in sending
information from the periphery to the central nervous system. They are also critical for the body
to maintain a homeostatic state. The general or somatic senses are mostly responsible for
homeostatic state maintenance while the more specialized sensory systems participate in the
more complex interactions. Generally, mammalian sensory systems have developed to respond
to important external stimuli which is categorized into the five conscious senses. The visual
system responds to electromagnetic radiation which is detected in the photoreceptive layer in the
retinae in the back of the eyes while the auditory system picks up fluctuations in air pressure
mechanically to perceive different sounds. The ability to perceive touch is a direct result of
detection in pressure when in contact with an object. Further, chemosensation is the process for
olfaction and gustation which respond to environmental chemicals. While all senses allow the
organism to interact with the environment, the olfactory and gustatory systems are considered the
most primitive senses in almost all living organisms. The gustatory system, in particular, has
evolved in aiding animals navigate their environment by the attraction to the chemical content of
nutrients and the avoidance to potentially toxic compounds. Taste specific chemicals bind to
receptors found in cells on the mammalian tongue leading to activation of that receptor and
subsequent depolarization of that particular cell. These sensory cells transmit information to the
central nervous system to yield appropriate behaviors that are specific to the quality and
perception of that chemical.
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A significant advancement was made to elucidate the mechanisms of how the 5 primary
tastants are detected in the peripheral gustatory system. In the last decade, the ability of fatty
acids to stimulate taste cell receptors has gained momentum. Moreover, the rise of obesity and
related diseases has warranted more research in the detection and mechanisms of fatty acids in
the body and particularly in the oral cavity. We have elucidated the taste transduction pathway
for long chain fatty acids (Gilbertson, Yu, & Shah, 2010). While this pathway provides important
information for the detection of polyunsaturated fatty acids, virtually all the information on taste,
including fat taste, has come from male mice. Recently, it is becoming clearer that the sensory
worlds of males and females are not identical and, as such, it is important to consider possible
sex differences in the fat taste pathway. The overarching goal of this study is to understand the
role of sex in the taste system by focusing on the mechanisms of fat signaling in the taste systems
of male and female mice.

Rationale and Significance
Sex as a biological differentiation can play a significant role in understanding an
organism’s physiology and lead to some probing health-related questions. Accordingly, it is
important to elucidate the role of reproductive sex hormones in health and disease. Studying the
biological underpinnings of sex differences in health and pathophysiology will undoubtedly
unveil clues into how normal biological processes function, as well as into the development of
pathophysiology. With the impending rise in obesity and related diseases, it has become
increasingly important to understand the role sex hormones play in sensing nutrients and
maladaptive nutrient intake. Historically, research involving female animal models have been
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largely neglected in the biomedical sciences. The general assumption has always been that
results obtained from male animal models apply equally well to females. The concern in using
female animal models is the effect of hormonal cycles that could potentially introduce
confounding experimental effects. This has been systemic in the chemical senses where
anecdotal data suggests that peripheral taste and smell sensitivity is fairly constant in males yet
appears quite variable in females across their menstrual cycle. This dissertation proposal will
focus on examining sex differences in the mammalian gustatory system. For a long time, the
sensory recognition of lipids, particularly dietary fats, has not been associated with gustatory
receptors but was recognized for their effect on olfactory and post-ingestive cues. In the past
decade, significant advances have been made in understanding how fat stimuli are perceived in
the gustatory system. Furthermore, prior research shows the effect of sex hormones using
behavioral and electrophysiological methods in response to tastants (Curtis & Contreras, 2006;
Curtis, Stratford, & Contreras, 2005). In other words, the hormones important for reproduction
are also important for normal healthy sex-specific development. However, the mechanisms that
underlie sex difference in gustatory lipid responses remain unknown. Understanding the cellular
and molecular mechanism of sex-specific lipid transduction pathways will enable us to have a
better understanding in health and obesity management. Moreover, investigating sex differences
in gustatory physiology will ultimately lead to establishing new treatments and therapeutic
practices for pathophysiology related to food intake, which will significantly expand health care
opportunities in our society.

3

Mammalian Taste System
The functional role of the gustatory system evolved in assisting animals in navigating
ways to properly interact with their environment, particularly in determining the chemical
content of nutrients. It aids in metabolic regulation and homeostatic function. Due to this, the
taste system has come to serve various functions of most sensory modalities. The taste system
permits an organism to distinguish various chemicals that are safe to digest and nutritious, and
those that could be potentially harmful (Wolfe et al, 2009). In mammals, the tongue contains four
identifiable papillary structures, three of which contain taste buds: foliate, the posterior-lateral
structure; fungiform, the most anterior; circumvallate, the posterior structure; and a structure that
lacks taste buds but is found throughout the tongue and does not play a direct role in gustatory
functions, the filiform papillae. Aside from the filiform papillae, the other types of papillae are
capable of transmitting taste information to the brain. Along with the aid of olfactory sensations,
taste stimuli combine a mixture of the six tastants (salty, sweet, sour, bitter, and umami, and fatty
acids) to create a perceived taste. Olfactory sensations that play a role during flavor perception
are those tastants that are passed into the airway by mastication and are perceived in the nasal
cavity or by retronasal olfaction via detection by the olfactory epithelium. Tastants entering the
oral cavity, interact with receptors localized on the apical membranes of the taste receptor cells
(TRC) that extend into the taste pore.
Based on distinct morphology and cellular markers, TRC are classified into three types.
Type I cells are described to possess irregularly shaped nuclei that contact taste chemicals by
extending their microvilli in the oral cavity (blue in Fig 1). They are also described as glial-like
cells and are relatively more abundant in a taste bud than the other cell types (Finger, 2005). Like
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glial cells in the central nervous system, Type I taste cells serve as the main support function in
the gustatory system (Bigiani, 2001). However, Vandenbeuch and colleagues (2008) reported
that the interior papillae of the tongue, the fungiform, may exhibit ionic currents responsible for
salty taste transduction by Type I taste cells, but the mechanism of transduction remains
unknown. Type II taste cells are considered the taste receptor cells and are responsible for most
tastant transduction (yellow in Fig 1). They are described as having large circular nuclei and
short microvilli to detect taste stimuli in the oral cavity (Finger, 2005). Due to their complex
nature, they exhibit a variety of receptors to distinguish recognition of specific taste stimuli.
Type II cells express Na+ and K+ ion channels that are important in producing action potentials
that lead to the release ATP. Additionally, it is widely recognized that pannexin channels signify
a main conduit for ATP secretion in Type II cells (Romanov et al. 2012). Therefore, bitter,
sweet, umami, and fatty acid stimuli can activate specific G-protein coupled receptors (GPCRs)
to detect taste quality in subsets of Type II cells (Nelson et al. 2001). Lastly, Type III taste cells
also participate in taste transduction. They are electrically excitable cells and have been shown to
release serotonin (5-HT) when stimulated, in a calcium-dependent manner. Type III cells (green
in Fig 1) are characterized by their oval nucleus and thick microvilli (Yee et al. 2001). Out of the
three distinct types of taste cells, Type III taste cells have neuronal-like attributes, such as the
expression of CD56, a neural cell surface adhesion molecule, and their synthesis of biogenic
amines (Dvoryanchikov et al. 2007). Although they have been reported to respond to sour (acid)
stimuli, they generally receive inputs from Type II cells and integrate signals stemming from
bitter, sour, salty, sweet, and umami stimuli (Tomchik et al. 2007).

5

In physiology, one of the oldest research goals is to understand how an organism
develops an awareness of its environment. Sensation and perception follow a complex process;
however, tastant chemicals allow seamless investigation of this process where chemical cues for
taste can be sensed in the taste system and immediately recognized the quality of it. While taste
coding in the mammalian gustatory cortex remains largely unknown, tastant compounds are
often perceived accordingly by an organism. For example, while many taste qualities (salty,
sweet, and umami) reflect recognition of nutrients, bitter taste evolved to protect the organism
from potentially poisonous and harmful stimuli. Therefore, the reaction to the pre-ingestive bitter
compound is to expel it as early as possible to ensure survival. Nevertheless, despite these
divergent roles reflecting the appetitive and aversive aspects of taste, the sensory mechanisms of
taste perception have numerous commonalities. Nutrients enter taste papillae and in order to
reach the taste cell receptors, substances must be dissolved in aqueous solution (saliva). Each
taste bud lies under taste pores, which are where the microvillar processes of taste cells protrude.
These microvillar processes typically contain the taste receptors (GPCRs) and ion channels that
underlie the initial recognition events in taste. Activation of these receptor or ion channel
complexes lead to a common pathway that typically involves eventual membrane depolarization
and a rise in intracellular free calcium. These events are critical for the eventual release of
chemical transmitters that convey the signal onto higher order systems in the brain.
While animals are born with an inherent like or dislike of particular tastants reflective of
these appetitive and aversive roles, taste preferences are flexible throughout the lifespan.
Preferences can be altered through exposure and experiences with a given tastant (Myers &
Sclafani, 2006). Presently, there are five widely accepted tastants; the ability to detect bitter, salt,
6

sour, sweet, umami. These five tastants, and possibly fat as the sixth tastants, are designed to
provide crucial sensory information on the types of foods we ingest.
Increases in obesity prevalence and other related diseases have caused increased interest
recently in how the body responds to and regulates the intake and metabolism of dietary fat
(fatty acids) . For a long time, the recognition of dietary fat was assumed to only involve
olfactory cues and texture-based oral sensations (somatosensation). However, fat has also been
shown to possess gustatory cues through various taste-specific analyses (Gilbertson, 1998; Liu et
al., 2011; Mizushige, Inoue, & Fushiki, 2007). With this information and that of many other
laboratories using various techniques and model systems, fat taste has been suggested to reflect a
sixth basic or primary tastant.

7

Figure 1: The three major classes of taste cells.
The classification of taste receptors includes patterns of gene expression, functions of each type
of taste cells. Additionally, fat taste is included as a primer for taste cells. (Adapted from
Chaudhari & Roper, 2010).
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Taste Transduction
Currently, there are two classes of receptive molecules that are linked to tastant
transduction (Wolf et al. 2009). The specific mechanism for these two receptors depends on the
specific make-up of the chemical that is sensed by the taste bud. For the tastants that act on the
same receptor class, they initiate similar apparently nonoverlapping transduction cascades. The
first receptor class is the metabotropic, or G protein‐coupled receptors. For these receptors, the
tastant interacts with a particular receptor leading to a conformational change and activation of
specific second messenger cascades. The signals that stem from GPCRs are perceived as sweet,
bitter, umami, and fat. The second set of receptive molecules for gustatory function are ion
channels. These are transmembrane protein channels that conduct charged ions that may
permeate the ion channels and lead to a direct depolarization of the cell. Salty and sour tastes
have been suggested to utilize this mechanism (Yamamoto, 2008).
Due to the complex and various molecular taste receptors on TRC, it is evident that TRC
segregate taste quality information. In particular, downstream activation of voltage-dependent
ion channels in the basolateral membrane of the taste cell leads to cellular depolarization and
intracellular calcium changes. There are 3 cranial nerves in the oral cavity, chorda tympani
nerves, the greater superficial petrosal nerves, and the glossopharyngeal nerves, responsible for
integrating the signals from the taste buds and delivering these signals to other higher order
targets (Yamamoto, 2008). The rostral nucleus of solitary tract (rNST) in the brainstem then
receives these convergent signals from all three cranial nerves and the information is further
processed in the ventral posteromedial thalamic nucleus (VPM) before reaching the insular
cortex which is the main processing area for gustatory perceptions. In some instances, the signals
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are relayed to areas that process the affective component of a taste stimulus and to the
hypothalamus, which controls satiety and hunger (Yamamoto, 2008). Finally, the taste system
also processes information about motivation and reward in the subcortical regions of the brain
(Shimura, Kamada, & Yamamoto, 2002). Insights as to how the brain codes for different taste
qualities is controversial. In one major theory, it is suggested that individual sensory fibers
carried information from a single type of taste receptor. This particular theory is called the
labeled – line theory and represents a direct pathway for each of the tastants qualities (sweet,
bitter, etc.). In contrast, there is also strong support for a more complex sensory coding theory
referred to as cross-fiber theory or pattern theory in the coding of taste information. Pattern
theory suggests that sensory cells integrate information, and more than one taste stimuli can
evoke their activation (Lemon & Katz, 2007). Under cross-fiber theory, it is the pattern of
activation by the sensory neural network that determines the ultimate taste perception.
Nevertheless, our understanding of how taste quality is processed in the CNS is far from
complete.

The Receptors for Taste
It has been proposed that TRCs are broadly tuned to recognize different tastants and that
they express a variety of taste receptors. Sweet and umami are mediated by three families of
GPCRs: T1R1 (taste type 1 receptor 1), T1R2, and T1R3. Sweet taste receptor proteins are
assembled into heterodimeric complexes, T1R2 and T1R3, while umami taste receptors are
established as a T1R1 and T1R3 heterodimeric GPCR complex (Zhao et al., 2003). Umami and
sweet have been shown to trigger appetitive behaviors. In contrast, bitter elicits aversive
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behavior, primarily to prevent ingestion of toxic compounds. Additionally, bitter receptors have
a transmembrane domain and short extracellular domain which contributes to their limited
binding site as opposed to sweet receptors, where additional binding site is present in the large
extracellular domain (Roland et al. 2014). Bitter is mediated by ~25 divergent GPCRs (T2Rs)
that can detect a wide range of bitter compounds but not necessarily distinguish them
individually While sweet, umami, and bitter are different at the taste receptor level, they
converge on a common intracellular signal transduction pathway. It has been shown that
phospholipase C β2, an important signaling component of G-protein coupled receptors (GPCRs),
and the transient receptor potential channel, TRPM5, are coexpressed with receptor proteins,
T1Rs and T2Rs. It has been reported that animals lacking PLCβ2 do not taste bitter, sweet, and
umami (Zhang et al. 2003). Salty and sour tastants are processed by the direct entry of Na+ and
H+, respectively, through specialized membrane channels. PKD2L1 - expressing TRCs, a
member of the TRP ion-channel family, have been implicated as the acid-sensing cells and are
also candidates for sour taste. Moreover, the intracellular acidification by weak acids may be
involved in an additional putative mechanism of sour taste (Chang, Water, & Liman, 2010).
More recently, it has been established that otopetrin1 (OTOP-1), multitransmembrane domain
protein, is the primary sour sensor ion channel in Type III cells (Tang et al., 2019) In the case of
appetitive salt taste, the transduction pathway is responsive to sodium stimulation and inhibited
by amiloride. The epithelial sodium channel (ENaC) is strongly inhibited by amiloride.
Therefore, ENaC has been proposed to function as the salt taste receptor (Chandrashekar et al.
2010). Thus far, salt, and sour taste receptors have been controversial and salt taste receptors, in
particular have yet to be determined.
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The 5 Basic Established Tastes
Taste sensitivity evolved to send information to the CNS about the nutritive content
and/or poisonous qualities in foods. As stated before, general qualities exist in chemicals that are
sensed by receptor cells in the taste buds. The evaluation of the chemical content is considered to
be on a valence continuum, and it is either generally aversive in which case it is regarded as
potentially dangerous (e.g., bitter), appetitive (e.g., sweet) which is considered rich in nutrients,
or somewhere in between depending on the quantity ingested. There are currently five wellestablished taste qualities that are recognized by the mammalian gustatory system: bitter, sweet,
salty, sour, umami (amino acid/protein), and fat has been suggested recently to represent a sixth
taste primer. Bitter tastants are often associated with harmful and poisonous substances and
therefore are often avoided. Uniquely, it has been shown that it is difficult to distinguish between
various bitter substances. In contrast, salt, sweet, and fat tastants are associated with appetitive
qualities and hold nutritious values when consumed. Sodium chloride, general table salt, is often
used when examining salt taste, mainly because it reflects the “saltiest” flavor when examining
that particular tastant (Wolfe et al, 2009). Salt tastant perception is considered labile during the
lifespan of an animal and it is commonly inferred to be nutritious due to its important role in
metabolic function. Nevertheless, if an individual consumes a large quantity of it, salt evidently
produces an aversive effect (Oka et al. 2013). Similarly, many of the substances that are
composed sugars are not perceived by being favorable or palatable. In fact, there is an increase in
the ability to distinguish among various types of sweet substances. Sucrose, glucose, and fructose
are common substances used to study sweet tastant. Generally, sweet substances provide energy
for the body and are commonly considered appetitive (Wolfe et al, 2009). Moreover, sour, the
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taste of acids such as hydrochloric acid is similarly considered appetitive at lower concentrations
(Wolfe et al, 2009). Recently, the taste of sourness has been contributed to the concentration of
weak acids, in addition to pH level (Chang, Water, & Liman, 2010). Umami, a savory taste, is
represented by the chemical monosodium-glutamate (MSG). In 1967, Yamaguchi showed MSG
did not alter the thresholds for the other primary tastants; sweet, salt, and bitter. While it may
seem a mixture of taste qualities, this study indicated that umami was activated differently than
the other prototypical tastants (Yamaguchi, 1967).

Fat Taste
It has been established that disproportionate or high intake in dietary fat combined with a
sedentary lifestyle are associated with pathological conditions. Fatty acids are the building
blocks of lipids and are considered the main constituents in energy regulation throughout the
body. Fatty acids may be saturated (SFA), monounsaturated (MUFA), and polyunsaturated fatty
acids (PUFAs). Their names are derived from the carbon number and the number and types of
bonds present. Interestingly, the most common fatty acids found in our diets have an even
number of carbon atoms. PUFAs have one or more double bonds, MUFAs have one double
bond, while SFAs exhibit no double bonds (Willet, 2007). Fats are efficient in providing energy
usage however improper regulation of dietary fat intake leads to impairment and development of
pathophysiology (Chang, Ke, & Chen, 2009). Gilbertson et al. (1997) led the seminal studies that
free fatty acids had the capabilities in eliciting responses in taste cells. Previously, fatty acid
sensing was limited to the observed olfactory cues and its discrete texture in the oral cavity.
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Gilbertson and colleagues (1997) provided the initial evidence that free fatty acids are
capable of inducing changes in taste receptor cells. Using electrophysiological and molecular
methods, the main results of the study showed that essential free fatty acids elicited responses in
taste receptor cells. Furthermore, fatty acids acted as a partial antagonist by blocking delayed
rectifying K+ (DRK) channels. DRK channels also play a significant role in enhancing cell
depolarization resulting from upstream activation of GPCRs. Additionally, through the
combination of behavioral and electrophysiological data, Gilbertson, and colleagues (2005)
found that obesity-resistant and obesity-prone rats responded different to polyunsaturated fatty
acids, an effect linked to differential effects of fatty acids on DRK channels (Gilbertson et al.
2005). The findings of this study suggested that obesity-prone rats were less responsive to fat and
thus ingested more fat than obesity resistant rats. Thus, progressively consuming high-fat diet
reduced the responsiveness of DRK channels in the taste system. Taken together, DRK channels
play an important role in the sensing mechanism of fatty acids and modulate fatty acid responses
on a cellular level.
G protein-coupled receptors (GPCRs) are essential signaling molecules that influence
various aspects of cellular function. Recently, studies have identified GPCRs that are activated
by free fatty acids. GPR40, GPR41, GPR43, GPR84, and GPR120 are among the previously
orphaned GPCRs whose ligands are believed to be free fatty acids. GPR40 is demonstrated to be
the receptor for medium and long chain fatty acids. It is highly expressed in the islets of the
pancreas, in β-cells. It rapidly activates a protein kinase A pathway and subsequently results in
an influx of calcium leading to depolarization. The primary role of GPR40 is in insulin secretion
in pancreatic beta cells (Briscoe et al., 2003). GPR40 is expressed in the gastrointestinal tract (GI
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tract). It has been shown to be involved in inflammation and obesity (Ang & Ding, 2016). It has
been shown that GPR41 is activated by short chain fatty acids (SCFA) which are abundant
within the small intestine following digestion of fats (Besten et al., 2013). It is highly expressed
in adipose tissue, the gut, and peripheral tissues, and is involved in SCFA-dependent satiety
signals. GPR41 couples to PLC, resulting in production of IP3 to induce Ca2+ release from
intracellular stores (Inoue, Tsujimoto, Kimura, 2014). Similar to GPR41, GPR43’s ligands are
short chain fatty acids. GPR40 is expressed in the gastrointestinal tract (GI tract). It has been
shown to be involved in inflammation and obesity (Ang & Ding, 2016). Additionally, mediumchain fatty acids have been shown to bind to GPR84 receptor. GPR84 works through an increase
in cyclic adenosine monophosphate (cAMP) in response to medium chain-fatty acids.
Previously, GPR84 expression has been shown to increase in macrophages and other immune
cells in response to inflammation, suggesting a role in inflammatory regulation (Suzuki et al.,
2013). Additionally, GPR120 is the functional receptor for long-chain fatty acids. It is highly
expressed in adipose tissue and pro-inflammatory macrophages (Hirasawa et al., 2005).
Hirasawa and colleagues showed responses of GPR120 to free fatty acids resulted in an increase
in intracellular calcium concentrations and activation of the ERK pathway. GPR120 has also
been characterized in taste buds. It has been shown to mediate taste preference for fatty acids in
taste cells (Cartoni et al., 2010). Additionally, GPR120 has been characterized in
enteroendocrine cells of the small intestine using both acutely isolated enteroendocrine cells and
STC- 1 cells, an intestinal, nutrient-responsive cell line. STC-1 cells have similar transduction
mechanisms to control food intake and aid in digestion as taste cells (Shah et al., 2012). These
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cells also express taste receptor families (sweet and bitter) throughout the GI tract (Chen et al.,
2006).
As essential nutrients, fatty acids play significant roles in cellular function and
physiological homeostasis. Cluster of differentiation 36 (CD36) is a multifunctional protein that
has been implicated in the transfer of unesterified fatty acids across the plasma membrane. It is
also widely considered a scavenger receptor that essentially moves FA from the extracellular to
the intracellular environment. CD36 expression was revealed in the oral cavity with significantly
higher expression in the circumvallate papillae, the posterior group of taste buds of the tongue.
CD36 knockout mice showed no preference for unsaturated fatty acids as opposed to the wild
types that showed significant preference for fatty acids (Laugerette et al., 2005). Moreover, the
expression level of CD36 on circumvallate papillae was found to positively correlate with weigh
gain and kilocalories consumed in rats (Primeaux, Braymer, & Bray, 2013). Taken together,
CD36 as a multifunctional protein is important for detection and transport of fatty acids and
nutrients.

Long – Chain Fatty Acid (LCFA) Signaling Pathway
The long-chain fatty acid signaling pathway is similar to that of other secretory cell types.
Nature tends to conserve genes and mechanisms across cells, tissues, and often species. Similar
to other secretory cells, voltage-gated Ca2+ channels (VGCC) are used to alter membrane cellular
depolarization to release neurotransmitters in taste cells. There are several proteins that
participate in sensing fatty acids in the oral cavity, particularly in taste receptors. These proteins
function as a cohort to activate the fatty acid transduction pathway. Figure 2 illustrates this
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traditional working model on the transduction pathway that rises from the activation of fatty acid
receptors responding to dietary long chain fatty acids. Initially, LCFA binds to the fatty acid
transporter CD36 and/or directly binds to a fatty acid-activated GPCR like GPR120. It is
hypothesized that CD36, known as fatty acid translocase (FAT), will dock the LCFA to GPCR
through an unknown mechanism and activate the cascade of PLCß-IP3, thus releasing Ca2+ from
the endoplasmic reticulum (ER) pool. An increase in [Ca2+]i will activate the TRPM5 channels,
whose activation further depolarizes the cell via Na+ influx. This depolarization closes voltagedependent, fatty acid-sensitive delayed rectifying K+ (DRK) channels, whose inhibition further
prolongs the fatty acid-activated depolarization. The depletion of the ER Ca2+ pool induces the
aggregation of STIM1, a protein sensor of Ca2+ for the ER, toward store-operated Ca2+ SOC
channels like Orai1 and Orai1/3, the major mechanism of Ca2+ entry in cells. The massive
increase in [Ca2+]i via SOC channels and possibly voltage-gated Ca2+ channels (VGCC),
activated as a result of DRK channel blockade, will trigger the release of a neurotransmitter like
serotonin toward the extracellular environment where it will exert its action on gustatory cranial
nerves. It is also possible that the ATP released from TRC binds to Type III cells which will
release serotonin (5-HT). The work on this thesis aims to modify this working model with
respect to taste activation from males versus those from female mice.
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Figure 2: A working model of LCFA transduction in taste cells.
LCFA activate G protein coupled receptors (GPR) linked to the stimulation of phospholipase C
(PLCß2) and thus generates two second messengers, inositol trisphosphate (IP3) and
diacylglycerol (DAG). IP3 binds to IP3 receptor type 3 (IP3R3) on the endoplasmic reticulum and
induce rapid release of calcium. The increase in intracellular Ca++ concentration results in the
activation of the membrane channel, Trpm5, whose activation further depolarizes the cell via Na+
influx. Trpm5 induced depolarization leads to the opening of voltage-dependent, fatty acidsensitive delayed rectifying K+ (DRK) channels. DRK channels’ inhibition further prolongs the
LCFA-activated depolarization. This prolonged depolarization opens voltage-gated calcium
channels (VGCC) leading to an intracellular calcium rise and eventual release of
neurotransmitters. (Adapted from Gilbertson et al. 2010).
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Sex Difference in Physiology
It is commonly accepted that there are physiological differences between the sexes. These
differences are evident based on the numerous data collected to support the role for gonadal
hormones mediating these differences (Lewis, Kamon, Hodgson, 1986). Moreover, one of the
most significant factors contributing to disease and mortality is sex. Particularly, cardiovascular
related diseases have been considered male dominant diseases for a long time but more recently
due to the rise of comorbidity and risk factors, more females are being treated for heart-related
diseases (Möller-Leimkühler, 2007). This has been attributed to not only increase in risk factors
(e.g. diabetes, obesity, etc.) but also estrogen deficiency in older females (Bello & Mosca, 2004).
In the neurosciences, there are abundant data available to illustrate pervasive differences in the
male and female brain. One particular difference is that all brain cells including neurons and glial
cells carry sex-specific chromosomes even when they develop in the same endocrine
environment (Arnold & Burgoyne, 2004). This can contribute to the overwhelming cortical
difference between males and females. Additionally, estradiol plays a critical role in the
neurobiology of aging because females experience a significant drop in circulating estrogens
with menopause. Estrogen is thought to be a protective factor in the aging brain and the lack of it
leads to array of cognitive impairments and programmed cell death (Cui, Shen, and Li, 2003). It
is important to investigate how physiology is shaped by sex differences. The best place to start
the exploration of sex difference is at the sex hormones’ level since they contribute to the
majority of sex difference found in physiology (McCarthy et al., 2012).
Primarily, the challenge in investigating sex difference arises from the hormone
fluctuations females experience during a menstrual cycle. After puberty, female mammals
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undergo cyclic alterations in the ovarian tract. During puberty, the hypothalamic-pituitarygonadal axis is activated to allow the final stages of maturation (Sisk and Foster 2004). This
HPG axis generates circulating levels sex hormones during the female menstrual cycle. Rodents
have a condensed version of this cycle, known as the estrous cycle. The estrous cycle lasts 4-5
days as oppose to the 21- 35 days in the menstrual cycle in humans. The rodent truncated version
of the menstrual cycle is mostly due to the lack of a complete luteal phase (Becker et al., 2005).
The ovaries are the main endogenous organs responsible for the production of both circulating
progesterone and estrogen (E2); the latter being the primary hormone. Therefore, surgical
removal of the ovaries results in the deficiency of circulation progesterone and E2 (Nilsson and
Gustafsson, 2011).
Estrogen (E2), circulating levels of primary female hormone is traditionally associated
with female reproduction and thus fluctuates in a cyclical pattern in mature females. In humans,
estrogen levels remain low at the start of the menstrual cycle, increase to a significant peak at the
midpoint of the cycle, and then gradually decline until the end of the cycle while remaining
elevated. A similar pattern is observed in mice but in a truncated estrous cycle. (Norman &
Litwack, 1997). The most well studied tissues that have been illustrated to express estrogen are
brain, muscle, fat, and liver. Estrogen affects these tissues by binding to its estrogen receptors
(ER) in target cells. Initially, estrogen is synthesized from cholesterol, similar to all the steroid
hormones. While estrogen, 17β – estradiol remains the primary hormone in females, there are
lower levels of estrone and estriol present. However, 17β – estradiol is the predominate hormone
in the ovaries before menopause. In post menopause, estrone is the most abundant estrogen in the
body and is produced through aromatization in the peripheral tissue (Nelson & Bulun, 2001).
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Estrogens circulate and bind to plasma proteins that deliver them to target tissues and due
to their lower molecular weight and lipophilic status, they can easily and passively diffuse into
the membrane of their target tissues (Nelson et al. 2001). Aside from their reproductive purposes,
estrogens have variety of physiological functions. They have been shown to play significant roles
in modulating and exerting a protective role in blood flow and vascular function and have
number of effects on cardiovascular function (Mendelsohn & Karas, 1999), alter the electrical
properties of neuronal membrane and produce distinct action potentials of those neurons carrying
estrogen receptors (Joels, 1997). Further, they have significant impact on immune system by
down regulating inflammatory immune responses and a decrease of estrogenic circulation has
been associated with significant bone loss (Carlsten, et al. 1989).
There are two subtypes of nuclear estrogen receptors, estrogen receptor alpha (ERα) and
estrogen receptor beta (ERβ). These subtypes are localized in the cytosol and/or nucleus,
mediating their effects at a genomic level. Once 17β-estradiol binds to its receptor, the bound ER
dimerizes with a second bound ER and then subsequently binds to DNA in promoter region
augmenting gene transcription (Mathews & Gustaffson, 2003). Recently, there was a report of
the existence of some membrane-associated estrogen receptors that elicit non-genomic effects in
cells (Toran-Allerand et al. 2002). These non-genomic signaling cascades include pathways that
are similar to those that are thought to arise from G protein-coupled receptors. Estrogenic
genomic transcriptional regulation is considered to be very slow, often taking days for the effects
of gene regulation to occur while non-genomic estrogen effects could take minutes. These fast
non-genomic estrogenic effects include the activation of second messenger Ca2+, activation of
cyclic adenosine monophosphate (cAMP), and activation of receptor kinases (Hall et al. 2001).
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Historically, actions of steroid hormones, particularly gonadal hormones, in the body
produced myriad behavioral and physiological changes. They have been shown to regulate food
intake, adiposity, and energy homeostasis in animals (Geary, 2004; Geary, 2006). Recently, there
have been conflicting evidence for estrogen receptors mediating the effects on nutrient intake.
Utilizing molecular and pharmacological manipulations, researchers have found estradiol
treatment showed no effect on food intake or body weight gain in ERα knock-out (KO), a null
mutation of the ERα gene, that were also ovariectomized (OVX). This illustrated that ERα gene
plays a crucial role for the estrogenic inhibition presented in eating while ERβ may not be
necessary (Geary, 2004 & Geary et al. 2001). Consistent with this conclusion, Roesch (2006)
showed ERα selective agonist inhibited eating in OVX rats whereas ERβ selective agonist did
not. In contrast with those results, Liang and colleagues (2002) showed inhibition of ERβ
synthesis in the brain via intracerebroventicular injection (i.c.v) to conscious animals of ERβ
antisense oligodeoxynucleotides significantly decreased the inhibitory effect of estradiol on
eating in OVX rats (Liang et al. 2002). In regard to the gustatory system, Xue and Hay (2003)
reported high levels of ERα immunoreactivity in the nucleus of solitary tract (NTS) where taste
sensations are regulated in the CNS. In the early 90s, Simerly and colleagues (1990) also
illustrated through electrophysiological studied rapid, non-genomic effect of estrogen in the rat
brain; with more ER mRNA distribution in the hypothalamus and areas that provide strong
inputs to the hypothalamus (Simerly et al., 1990). In this study, the effect of sex difference is
considered to be mainly modulated by hormones in the gustatory system and their effects on
dietary fat intake. The cyclic hormone present in females is considered an important contributor
the sex difference seen in dietary regulation and energy intake. While previous studies illustrate
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a great deal of contradictions in the appropriate estrogen receptors responsible for estrogen
modulation in food intake, it provides a great rational to elucidate them in the simpler gustatory
system.

Sex Differences in the Gustatory System
There are perplexing behavioral data suggesting sex differences in the gustatory system.
Accumulating research suggests that males and females differ in their food preferences (Curtis et
al. 2004) and there are data suggesting the role for reproductive hormones in these differences
(Curtis & Contreras, 2006). Furthermore, Curtis and colleagues (2004) were among the first to
suggest the role of estradiol, a sex hormone found primarily in females, in taste preference. The
rationale is that unlike their counterparts; females tend to vary in hormones across the menstrual
cycle. In contrast to low levels of estradiol, it has been found that significant levels of estradiol
yield an increase in the preference for palatable solutions (Clarke & Ossenkop, 1998). Estradiol
appears to regulate ingestive behaviors in the animal by altering the taste system. Conversely, in
an evolutionary context, the researchers concluded that it was possible that females in their cycle
are more responsive to tastants so they can protect possible offspring from harmful ingestion.
Additional research by Curtis, Stratford, and Contreras (2005) demonstrated that estrogen
yields an increase in the response to sweet tastants. They performed ovariectomy (OVX) on
female rats, to control cyclic estrogen concentrations. They then injected half of the
overectomized rats with estrogen replacement therapy (estradiol benzoate), which mimics the
cycling of an intact female rat, while the other half were used as controls. The animals were
given sucrose solutions at particular concentrations and were followed by gastric illness inducing
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LiCl solution to assess conditioned taste aversion (CTA). When animals were given 0.2M
sucrose paired with LiCl, they have found that EB-treated OVX animals generalized a taste
aversion to lower concentration of sucrose compared to the control OVX animals, which
suggests estrogen is decreasing the threshold for sweet taste. So far, research on female taste
system has been inconclusive, contradictory, and exclusively done using behavioral assays. It is
imperative to examine the detail mechanism of the female taste system and the possible role of
estrogen in altering taste preference. It should be noted, however, there might be other
contributing factors to the significant results due to the design and nature of behavioral data.
There have been various ways in which salty tastants have been studied, which showed
differences between males and females (Chow et al, 1992). These studies focused on sodium
chloride differences. Collectively, the data showed that females showed decreased intake of
NaCl (Curtis et al., 2004; Curtis & Contreras, 2006). It has been suggested that the different
intake of sodium chloride is primarily due to meeting nutritional requirements. The data for salty
taste corresponding to differences in males and females is not dramatically different. There is
significantly less research concerning taste preferences of bitter, sour, and umami. Most of the
data for these tastants, in terms of sex differences, are mentioned offhand and not in the context
of primary research questions. Interestingly, bitter receptors (T2Rs) have been implicated in
inhibiting tumor growth in breast cancer, indicating that it probably interacts with estrogen
receptors (Singh et al. 2014). This is an area that needs to be investigated in future gustatory
system related studies.
In an earlier work, Krecek (1972) suggested that testosterone, primarily a male hormone,
may play a significant role on the change in taste preference. Krecek (1972) conducted a
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behavioral research study exploring testosterone effects on taste preference. They found that
when 2‐day‐old females were given testosterone and males were give a saline solution, a similar
intake pattern resulted. However, when 12-day-old females were administered testosterone, there
were no significant differences between males and females on their intake. This suggested that
there might be a critical and crucial age where male sex hormone has the greatest influence in
females. Moreover, Foy & Foy (2003) has indicated that males respond more strongly during a
behavioral assay (conditioned taste aversion) than females on sweet taste preference. They have
shown that intact males showed stronger aversion in a CTA paradigm than gonadectomized
males. When they reinstated hormones in gonadectomized males by implanting hormone pellets,
the strong aversion to the sweet tastant was reinstated as well. Interestingly, they have also
shown that gonadectomized female rats supplemented with exogenous testosterone revealed a
stronger CTA response compared to gonadectomized males supplemented with exogenous
estrogen. They have concluded that this is due to the effect of testosterone as well. More recent
data suggest that females show lower sodium chloride thresholds than males regardless of the
administration of estradiol benzoate. Taken together, these results indicated the likelihood that
testosterone influences taste preference (Curtis & Contreras, 2006). However, more research is
needed to clarify exactly the effect of testosterone on taste perception.
Furthermore, Stratford and colleagues (2006) suggested that there was a preference for
fat stimuli in males and females. While generally playing a significant role in fat taste, they
showed chorda tympani, a branch of the facial cranial nerve that innervates the most posterior
part of the gustatory system, plays an even higher role on fat taste processing in females. They
tested this by giving rats a linoleic acid (LA) solution, a long chain fatty acid and then injected
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them with LiCl to induce conditioned taste aversion. They tested how well the rats generalized to
less concentrated solutions of linoleic acid. As expected, they found that all the animals
generalized the conditioned taste aversion to more the higher concentration of LA. But
interestingly, the females generalized that conditioned taste aversion to reduced concentrations
than did the males. This indicates that males were not able to discriminate LA from water as well
as females at lower concentrations of linoleic acid. As a result, fatty acids alone can be
discriminated, but females seem to have a lower threshold than males (Stratford et al. 2006).
Future research would need to focus on the exact cellular transduction pathway of fat detected by
gustation while including sex hormones as key players in the pathway.
Generally speaking, more research needs to be devoted in exploring possible sex
differences in the biomedical scientific research. There is a significant lack on research that
utilizes both males and females while preserving and accounting for the confounding hormonal
effect. More specifically, it can be concluded that more research is needed in all areas of tastant
preference. While this particular review did not examine the literature on diverse animals, one
thing that remains is that majority of the research in this area has collected behavioral data. There
is a set of data suggesting that there may be anatomical difference between gustatory structures
in tufted capuchin males and females, particularly the anterior fungiform papillae (Muchlinski et
al. 2011). The researchers found that females may have higher density of the fungiform papillae
and this could be an adaptation specific to reproductive strategies. Nevertheless, there has not
been specific causal relationship established between the size of anatomical structures in the
gustatory system and sex differences. This is clearly an area that needs to be expanded upon
further research. Additionally, it is important to address the underlying effect of sex differences
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by examining cellular transduction pathways to gain insights into the mechanistic effect of sex
hormones in the gustatory system. It is possible that modulatory players in a taste transduction
pathway are induced entirely different in the presence of sex difference hormones, particularly
estrogen.

Membrane Estradiol Signaling in Fat Taste
A great deal of progress has been made towards investigating genomic estradiol signaling
in physiology. It has been shown that classical estrogen receptors, ERα and ERβ that are
localized in the cytosol and/or nucleus, function as transcriptional factors to drive estradiol (E2)–
sensitive gene expressions involving several physiological processes. This E2-dependent
genomic signaling pathway is considered to take longer due to the nature of the gene expression
process. However, the more rapid E2-dependent non-genomic pathway also occurs in the central
and peripheral nervous system. This involves activating G proteins and their downstream effects
(Micevych & Dominguez, 2009). In recent years, GPR30, a G protein-coupled receptor
homolog, was deorphanized and was found to be activated by estrogen. Filardo and colleagues
(2000) showed this using breast cancer cell lines expressing GPR30. They concluded that breast
tumors that lack the classical ER are presumed to use GPR30 for their growth and survival to
signal estrogen. Since its discovery, GPR30 was found to estrogen receptor that mediates nongenomic actions of estrogen. Two groups reported that estrogen directly binds to GPR30
(Revankar et al., 2005 & Thomas et al., 2005) and a third group demonstrated that administration
of estrogen induced GPR30 expression and diminished hepatic injury in rats, thus providing the
first in-vivo evidence for GPR30 as an estrogen receptor (Hsieh et al., 2007 ). After many other
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corroborating data demonstrating GPR30 as an estrogen receptor, it was officially unorphanized
and named GPER1 by the International Union of Basic and Clinical Pharmacology (Alexander
et al., 2011). In comparison to the known nuclear ER, GPER1 and other membrane ER stimulate
signal transduction pathways responsible for physiological processes, the subject of this
dissertation. Due to the complex nature of estrogen signaling and the abundant sex difference in
lipid sensing and regulation, I hypothesize that in the taste system, membrane-initiated estrogen
signaling significantly contributes to the calcium influx resulting in gustatory sensing of fatty
acids sensing mechanism as demonstrated (as illustrated in Fig. 2). My hypothesis is that
estrogen induces G protein-dependent non-genomic pathway signaling in TRC. It has been
shown that estrogen induces a putative isoform of phosphatidyl inositol-specific (PI)
phospholipase C-alpha (PLC-alpha). PLC-α has been shown to activate the second messenger
pathway mediating effects resulting from E2 binding (Mobbs et al. 1991). I hypothesized that
along with the proteins involved in the cellular transduction pathway of fat taste, membrane
associated E2 mediates the rapid effect of estrogen on fat taste cells. This E2 induced PLC-α
pathway leads to the production of inositol triphosphate (IP3) leading to an increase in calcium
release and uptake. These rapid E2-induced responses work synergistically with LCFA pathway
in mammalian TRCs.

Aims and Objectives of Thesis Work
The aim of the research reported in this dissertation was to investigate sex differences in the taste
system. Particularly, to examine taste perception and ingestive behaviors in female and male mice
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to gain deeper understanding of sex difference in fat taste. In an effort to elucidate sex-difference
in fat taste, this aim was achieved by meeting the following objectives:
1. Study overall sex differences in gustatory perception of fatty acids with the hypothesis that
that C57B1/6 wild-type synchronized females are significantly more sensitive to the taste of
fatty acids than their male counterparts.
2. Investigate the role of sex hormones in female gustatory fat perception and metabolic
regulation with the hypothesis that estradiol plays a pivotal role in fatty acid perception and
regulation.
3. Identify putative E2 receptor signaling pathway in the gustatory system with the hypothesize
that, within the context of our current proposed model for the transduction of fatty acids (Fig.
2), the presence of E2 receptors in the taste system and the cyclical secretion of E2 in females
modify the function of the elements found in the pathway and thus lead to a change in fat
taste as opposed to the functional stability found in males.
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CHAPTER TWO: SEX DIFFERENCES IN FAT TASTE DETECTION, PREFERENCE,
AND RESPONSIVENESS ARE MODULATED BY ESTRADIOL
This chapter was published as part of: Dahir, N. S., Calder, A. N., McKinley, B. J., Liu, Y., &
Gilbertson, T. A. (2021). Sex differences in fat taste responsiveness are modulated by estradiol.
American Journal of Physiology-Endocrinology and Metabolism, 320(3), E566-E580. These data
do not require any copyright forms or permission.
Abstract
Sex as a biological variable has been the focus of increasing interest. Relatively few studies have
focused, however, on differences in peripheral taste function between males and females.
Nonetheless, there are reports of sex-dependent differences in chemosensitivity in the gustatory
system. The involvement of endogenous changes in ovarian hormones have been suggested to
account for taste discrepancies. Additionally, whether sex differences exist in taste receptor
expression, activation and subsequent signaling pathways which may contribute to different taste
responsiveness is not well understood. In this study, we show the presence of both the nuclear
and plasma membrane forms of estrogen receptor (ER) mRNA and protein in mouse taste cells.
Further, we provide evidence that estrogen increases taste cell activation during the application
of fatty acids, the chemical cue for fat taste, in taste receptor cells. We found that genes
important for the transduction pathway of fatty acids vary between males and females and that
these differences also exist across the various taste papillae. In vivo support for the effect of
estrogens in taste cells was provided by comparing the fatty acid responsiveness in males, intact
females, and ovariectomized (OVX) female mice with and without hormone replacement. In
general, females detected fatty acids at lower concentrations and the presence of circulating
estrogens increased this apparent fat taste sensitivity. Taken together, these data indicate that
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increased circulating estrogens in the taste system may play a significant role in physiology and
chemosensory cellular activation and, in turn, may alter taste driven behavior.

Introduction
The taste system plays an important role in nutrient recognition and therefore in shaping
the diet of all organisms. In addition to recognizing essential nutrients, the taste system also
provides animals the ability to avoid toxins and spoiled foods. Beyond the five basic taste
modalities, there is an increasing number of compounds that have been shown to activate the
peripheral taste system including fatty acids, astringents, metal ions, and CO2 (Chandrashekar et
al., 2009; Gilbertson, 1998; Iiyama, Toko, Matsuno, & Yamafuji, 1994; Montell, 2013; Riera,
Vogel, Simon, Damak, & le Coutre, 2009; Wang et al., 2019) among others. Of these, the taste
of fat and its underlying mechanisms has been the most intensely studied nonconventional taste.
Significant research has been dedicated to understanding how the body responds to dietary fat
(fatty acids) due in no small part to the rise of obesity and related diseases. In addition to the
texture based oral sensations, fat has been shown to elicit gustatory cues through various tastespecific analyses (Gilbertson, 1998; P. Liu, Shah, Croasdell, & Gilbertson, 2011; Mattes, 2011;
Mizushige, Inoue, & Fushiki, 2007; Running, Craig, & Mattes, 2015). With this information and
that of many other bodies of work using various techniques and model systems, fat taste has been
suggested to reflect a sixth basic or primary tastant (Besnard, Passilly-Degrace, & Khan, 2016;
Gilbertson & Khan, 2014; Pittman, 2010; Running et al., 2015).
To satisfy diverse physiological needs, males and females require different food intake
and storage (Wu & O'Sullivan, 2011). In both sexes, energy homeostasis is under the control of a
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variety of hormones secreted from the gut, pancreas, adipose tissue, and gonads. However,
gonadal hormones are the primary sources of sex differences in ingestive behavior (Eckel, 2011).
The taste system constitutes the initial sensory cue for food intake and contributes to preferences
and perceptions. Studies involving sex differences in the taste system are sparse; however,
existing data support that males and females may differ in their food preferences, sensitivities,
and overall intake (Clarke & Ossenkopp, 1998; Curtis & Contreras, 2006; Curtis, Davis,
Johnson, Therrien, & Contreras, 2004). Additionally, some of these differences have been
attributed to gonadal hormones, although not mechanistically (Curtis, 2015; Curtis, Stratford, &
Contreras, 2005). Estrogen, a primarily female hormone, reduces food intake, body weight, and
exerts a profound effect on meal size (Butera, 2010). Estrogen decreases energy intake, acting in
conjunction with other circulating factors such as leptin and ghrelin to exert tonic inhibition
(Clegg et al., 2007; Mela, Vargas, Meza, Kachani, & Wagner, 2016). Though largely unknown,
taste cells have the machinery for these circulating factors, which may modify the sensitivity of
these cells in accordance to the nutritional need of the organism (Kawai, Sugimoto, Nakashima,
Miura, & Ninomiya, 2000; Shin & Egan, 2010).
Although much is known about the role of estrogen and its receptors in the control of
energy balance, less is known about sex differences in the taste system, and almost nothing about
whether and how circulating estradiol influences taste cells and/or responses to specific tastants.
Estrogen signaling is mediated via two classical nuclear receptors, ERα and ERβ, as well as the
non-classical membrane form GPER1. 17β-estradiol is a potent agonist for all three ERs. There
is, however, conflicting data on the role of each receptor in energy regulation.
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In the present study, we have attempted to characterize sex differences in the taste system
by focusing on the effects of polyunsaturated fatty acids in the peripheral taste systems of male,
female, and ovariectomized mice. In addition to utilizing cell-based assays and behavioral
assays, we have characterized expression of the three major estrogen receptors. The results of
these experiments are consistent with a sex difference in fatty acid signaling in mice and that one
of the contributors to this difference lies in the effects of circulating estrogen.

Methods
Animals
All procedures involving animals were approved by the Institutional Animal Care and Use
Committee of Utah State University and University of Central Florida and were performed in
accordance with American Veterinary Medical Association guidelines. All experiments were
performed on adult C57BL/6J (“wild type”) mice, transgenic mice expressing enhanced green
fluorescent protein (EGFP) under control of the GAD67 (GFP-GAD67) promoter on a C57BL/6
background from The Jackson Laboratory (Bar Harbor, ME) and PLCß2-EGFP transgenic strain
on C57BL/6 background (Kim et al., 2006). PLCß2-EGFP mice were generously provided by
Dr. Nirupa Chaudhari (University of Miami School of Medicine). Mice were maintained on a
12:12-h light-dark schedule and given ad libitum access to chow and water, unless otherwise
specified.
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Ovariectomy and Hormone Assessment
Animals were anesthetized using 2% isoflurane and bilaterally ovariectomized (OVX).
Mice received carprofen (20 mg/kg) before surgery and 12 h after surgery. Sham-OVX females
received the analgesic and anesthesia, dorsal skin incision, and suturing similarly to that of the
OVX animals without removing the ovaries. Mice recovered for 1 week prior to being used for
further experimentation. For SHAM-OVX females, regularity of estrous cycle phases was
tracked for 7 consecutive days prior to conditioned taste aversion (CTA) testing. Given that
environmental conditions and stimuli can influence estrous cycle synchrony, cycle phases were
not further determined in the SHAM females during CTA testing. To study the effect of estradiol
(E2), 8-week-old female mice were treated with a hormonal regimen to mimic the physiological
range of estradiol levels for a young adult female mouse. OVX mice received intrascapular s.c.
injections of either 2 µg of 17β-estradiol benzoate (EB) (Sigma, St. Louis, MO) dissolved in 0.1
mL sesame oil or the vehicle (sesame oil) alone. This hormone treatment was repeated every 4days and lasted the duration of the CTA assay. Because estradiol may influence the acquisition
of conditioned taste aversions (de Beun et al., 1991), CTA tests were performed starting day 2 of
injections to avoid the estradiol-enhanced LiCl-induced effects (cf. Fig. 6).
Uterine weights have been previously used as a marker for estrogenicity as there is a
positive correlation between uterine weights and increased estradiol levels (Liang et al., 2002;
Matsumoto, Kasai, & Tomihara, 2018; Modder et al., 2004). To evaluate successful
ovariectomy, wet uterine weights were collected at the end of experiments. The uterus was cut
just above its junction with the cervix and was gently stripped of fat and connective tissue and
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weighed. Absolute mass was calculated, and uterine weight was found to increase with estradiol
replacement in the OVX mice.
To determine the stage in the estrous cycle, a standard vaginal lavage and swabs were
applied (Becker et al., 2005). Briefly, vaginal secretions (cells) were collected via plastic Pasteur
pipettes or cotton tipped swabs after flushing the vaginal canal with 0.9% NaCl. For swabs, a
cotton tipped swab was gently turned and rolled against the vaginal wall and then removed. Cells
were transferred to a glass slide by rolling the swab across the slide. The slide was then air dried
and fixed in methanol followed by staining using Differential Quick Stain Kit (Polysciences).
Alternatively, a wet smear was collected in 0.9% NaCl with a fine tip pipette and observed under
light microscopy. Both wet smear and swabbing provided ample samples to distinguish readily
the different cycles. To minimize the incidence of missing cycles, sample collection was
performed in the early afternoon. Cyclical changes in food intake and preference have been
reported to coincide with the estrous cycle, food intake decreases beginning at diestrus 2 and
continuing into proestrus in female rodents (Butera, 2010; Choleris, Clipperton-Allen, Gray,
Diaz-Gonzalez, & Welsman, 2011; ter Haar, 1972; Zhu, Liu, Senthil Kumar, Zhang, & Shi,
2013). Accordingly, as is commonly done, to delineate the high- vs. low-estrogen phases,
diestrus 2 and proestrus were designated as ‘early phases’ when estradiol levels are beginning to
rise and have peaked and estrus and metestrus/diestrus 1 as ‘late phases’ as estradiol circulation
decreases and/or plateaus, respectively.
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Solutions
Standard saline solution (Tyrode's) contained (in mM) 140 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10
HEPES, 10 glucose, and 10 Na pyruvate; pH 7.40 adjusted with NaOH; 305-315 mOsm. 17βestradiol (10 nM E2) was purchased from Sigma (St. Louis, MO) and made in 100% ethanol,
working concentrations were made from stock on the day of experiment and dissolved in
standard Tyrode’s. Linoleic acid (LA) is a polyunsaturated fatty acid (PUFA) that has been
considered the prototypical stimulus for fatty acid taste and representative of other PUFAs
(Gilbertson, 1998). LA was purchased from Sigma (St. Louis, MO) and was prepared as
described before (Gilbertson, Liu, Kim, Burks, & Hansen, 2005). Briefly, LA was prepared as
stock solutions (25 mg/ml) in 100% ethanol, stored under nitrogen at -20 °C, and working
concentrations (0.1-100 µM) were made immediately prior to the experiment. LA was prepared
in deionized water for behavioral experiments and dissolved in standard Tyrode’s in all other
experiments. Enzyme cocktail components collagenase A (1 mg/ml), dispase II (4 2.5 mg/ml)
and trypsin inhibitor (1 mg/ml) were purchased from Sigma (St. Louis, MO). G-1 (100 nM), an
agonist of GPER1, G-15 (1 μM), an antagonist of GPER1, were purchased from Tocris
Bioscience (Minneapolis, MN).

Taste Cell Isolation
Individual taste cells were isolated from the tongues using isolation procedures that have been
described before (Gilbertson et al. 1997; Liu et al. 2011). Briefly, adult mice were sacrificed by
exposure to CO2, followed by cervical dislocation. Males and female groups (intact and OVX)
were used in these experiments. The tongue was removed and placed in Tyrode’s solution. The
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dorsal side of the tongue was then injected with an enzyme cocktail in Tyrode’s solution. The
tongue was incubated in Tyrode’s solution and bubbled with O2 for 30-40 min at room
temperature. Following the incubation, the lingual epithelium was removed from the underlying
muscle layer with forceps, pinned out in a Sylgard™-lined petri dish. The lingual epithelium was
incubated in divalent cation-free (Ca2+ - and Mg2+-free) Tyrode’s solution for 10 min at room
temperature. Individual taste cells in taste buds were removed by gentle suction with a ~100-150
µm fire polished pipette using a low magnification dissection microscope. Taste cells were
plated onto 15 mm glass coverslips coated with Corning® Cell-Tak™ Cell and Tissue Adhesive
(Corning, PN 354240) for calcium imaging. For RNA isolation and RT-PCR assays, the same
general protocol was followed, and taste cells and taste buds were expelled into a 1.5
microcentrifuge tube containing RNALater and different tubes were used for each taste papilla.
Additionally, control non-taste tissue epithelium from the intermolar eminence was excised for
RNA isolation.

Intracellular Calcium Imaging
Individual taste cells were measured by ratiometric calcium imaging using Fura2-AM as
described previously (Liu et al., 2011). Briefly, taste cells were loaded with intracellular calcium
indicator Fura2-AM (Invitrogen) and InCyt Im2 software (Intracellular Imaging Inc.) was used
to control the experiment and collect the data. To record changes in [Ca2+]i, cells were excited at
340 and 380 nm and emission was recorded at 510 nm. To identify the subset of EGFPexpressing cells in the GFP-GAD67 or GFP-PLCß2 transgenic lines, cells were excited at 490
nm and emission was recorded at 510 nm and marked as GFP-expressing cells within the
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software prior to recording the Fura-2 signal. The F340/F380 ratio of each cell was converted to
[Ca2+]i based on the calcium calibration kit (Invitrogen). A series of linoleic acid (LA)
concentrations in random order were perfused over taste cells at a flow rate of 4 mL/min,
followed with 1 min of 0.1% fatty acid-free BSA solution, and then Tyrode’s solution was
applied until the calcium signal returned to baseline. To observe the effect of estradiol on taste
cells, a physiological concentration (10 nM) of 17β-estradiol was used. This level of estradiol has
been shown previously to similarly match the low-basal circulating levels found in cycling
animals and have been used to treat various types of cells to study the effects of estrogen on
cellular activity (Mukherjee et al., 2017; Sribnick, Ray, Nowak, Li, & Banik, 2004; Zhang et al.,
2004). Calcium responses from LA-17β were calculated using mean percent change from LAalone calcium responses.

Behavioral Assays
Two-bottle preference tests were used to assess the preference for linoleic acid containing
solutions compared to water during a 48-h period. Naïve mice were given a series of 2-bottle
preference tests for various concentrations of linoleic acid solution. The solutions were presented
in order of increasing concentration; each concentration was given for 2 consecutive test days.
The side of the cage containing the stimulus bottle was alternated daily. Water was available ad
libitum for 48 h following the 2 consecutive test days as described previously (Myers & Sclafani,
2006). Briefly, animals had access to the solutions 23 h/day and the remaining hour was used to
maintain and record the data. Additionally, in females, the hour was used to determine their
estrous cycle stage. The same females were used to examine the preference for linoleic acid in
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the early and late estrous cycle phases. Only females with a stable 4-5-day estrous cycle were
used for further data analysis. Daily measurements of body weight and fluid intake were made
throughout the experiment. The ratio of stimulus intake compared to the total intake of stimulus
and water was considered a measure of the preference ratio, (LA intake or intralipid intake)/(total
intake).
Procedures for the conditioned taste aversion assay (CTA) have been described in detail
previously (Liu et al., 2011; Pittman et al., 2008). Briefly, a CTA was performed to assess whether
manipulation of estrogen secretion alters the ability to detect polyunsaturated long chain fatty acids
such as linoleic acid. Mice were divided into 4 groups (sham-OVX females, OVX females,
estrogen-treated OVX females, and males). Each group was further assigned to two categories to
either receive LiCl (experimental group) or saline (control group) injections. Animals had access
ad libitum to water until 24 h prior to conditioning and then were placed on a 23.5 h water
restriction schedule. Mice were trained on the MS-160 Davis Rig apparatus (DiLog Instruments)
for three days prior to conditioning using water as stimuli. On the three conditioning days, mice
received 1 mL intraoral application of 100 µM linoleic acid (LA; conditioned stimulus, CS), and
then immediately paired with intraperitoneal (i.p.) injections of either 150 mM LiCl to cause
gastric malaise (unconditioned stimulus, US) or 150 mM NaCl (saline) as a control solution. The
i.p. injections were dose dependent based on the individual mouse’s body weight (20 ml/kg body
weight dosage). Following conditioning days, mice were tested for avoidance of the CS in three
consecutive days in the Davis Rig chamber. In addition to water, mice were tested with 7
concentrations of the CS (0.1-100 µM LA), 100 mM sucrose, 100 mM NaCl, 100 mM KCl, and 3
mM denatonium benzoate (Fig. 6). Each daily test consisted of two blocks of randomly ordered
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13 trials with stimulus duration of 5 s, and maximum wait times of 150 s until the first lick; each
stimulus trial was preceded by a water rinse trial with a duration of 2 s. Trials with zero licks were
not included in subsequent analyses. After each conditioning and testing days, animals were given
30-minute access to water. This level of water deprivation caused maximal lick rates (~5
licks/minute) to water and other preferred (non-aversive) taste stimuli on testing days.

Immunofluorescence Staining
Female mice were deeply anesthetized with isoflurane and transcardially perfused with 4%
paraformaldehyde (PFA; w/v) in 0.1 M phosphate buffer (pH 7.4). The tongues were removed,
postfixed in PFA for 1-2 h, and incubated in 30% sucrose (w/v) in 0.1 M PBS (pH 7.4) overnight
at 4ºC. Blocks of tissue containing circumvallate and fungiform papillae were embedded and
frozen in OCT compound (Tissue-Tek®). Frozen coronal sections (20 μm) were cut using a
cryostat and mounted on Superfrost glass slides. For fungiform papillae sections, the slides were
microwaved in citric buffer, pH 6.0, to facilitate retrieval of the target antigens. For the
circumvallate sections, the staining steps were performed without using the antigen retrieval
method. Sections were washed with 0.1 M PBS and nonspecific binding was blocked for 1 h in
blocking solution (5% serum, 0.3% Triton X-100, and in PBS). Primary antibodies [1:100 antiGPR30, Santa Cruz, (sc134576) and 1:100 anti-ERα, Millipore (06935))]; were diluted in
blocking solution and applied to sections for incubation overnight at room temperature. For
GPER1, the amount of Triton X-100 was decreased to 0.1% in the antibody diluent. For ERα, the
amount of Triton X-100 remained 0.3% to ensure antibody permeation into cells. After rinsing in
PBS, the sections were incubated with 1:500 diluted goat-anti rabbit Alexa Fluor 594
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(Invitrogen) for 2 h. After washing with PBS, nuclei were stained by 0.5 mg/mL Hoechst 33258
in 0.1% PBS-Tween® 20 (PBST) for 10 minutes at room temperature. The sections were rinsed
3 times in PBS and coverslips were mounted with Fluoromount G (Southern Biotech). Negative
controls were obtained by replacing the primary antibodies with the antibody diluent in PBS to
assess any background signal. Sections were imaged with a laser scanning confocal microscope
(Zeiss, LSM710) equipped with 405, 488, 561, and 633 laser lines. Images were processed and
analyzed with ImageJ (Schneider, Rasband, & Eliceiri, 2012).
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Total RNA Isolation and real-time quantitative PCR
Taste buds and non-taste epithelium were isolated as described above and total RNA was
isolated using RNeasy Micro Kit (Qiagen, Germantown, MD) according to the manufacturer’s
instructions. DNase digestion (2 hours) was performed after RNA isolation using RNase-free
DNase set (Qiagen, Germantown, MD). The concentration and purity of the RNA were measured
using a NanoDrop spectrophotometer (Thermo Scientific) and the mRNA integrity was
determined using an Experion Bioanalyzer, Experion Highsens Chips and Experion software
(Bio-Rad Laboratories, Inc.) following the manufacturer’s recommended protocol. First-strand
cDNA was transcribed using iScript cDNA synthesis Kit (Bio-Rad, Hercules, CA), using 1 µg of
RNA. Control samples without reverse transcriptase were run alongside to test for genomic DNA
(gDNA) contamination. To check for gDNA, GAPDH primers were used and amplicons were
identified by electrophoresis on 2% agarose gel. Only samples without gDNA were used for
further analysis. Real-time PCR analyses were performed on the SmartCycler from Cepheid
(Sunnyvale, CA) to measure relative abundance of the following genes in cDNA: Erα
(Mm00433149 m1), Erβ (Mm00599821 m1), Gper1 (Mm02620446 s1), Cd36 (Mm00432403
m1), Gpr120 (Mm00725193 m1), Trpm5 (Mm01129032_m1), Trpm4 (Mm00613173_m1),
Kcna5 (Mm00524346_s1) (ThermoFisher scientific), and Gapdh (sense/antisense/probe:
TGCACCACCAACTGCTTAG/GGATGCAGGGATGATGTTC/
ATCACGCCACAGCTTTCCAGAGGG) (Integrated DNA Technologies, Coralville, IA).
Following RT-PCR, quantification of gene expression was determined by using the cycle threshold
(CT). Three biological replicates were measured for each gene and within each sample, triplicate
reactions were conducted. Relative gene expression was evaluated using the comparative CT
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(delta-delta-Ct, ΔΔCT) method. Target genes were compared with the endogenous control,
GAPDH, and relative gene expression were normalized to the lowest delta CT value, the most
highly expressed gene in the tissues. For gene expression of estrogen receptors, the highest
expressing gene was Gper1 in females during the early phases of the estrous cycle and was thus
used as the calibrator. The highest expressing gene involving fat taste transduction was TrpM5 in
females during the early phases of the estrous cycle and was therefore used as the calibrator. Mean
relative gene abundance in each sample ± SE was determined with the 2 -∆∆CT method as has been
done previously ( Liu, Hansen, Kim, & Gilbertson, 2005).

Experimental Design and Statistical Analyses
Calcium imaging data analyses were based on the area under the curve (AUC) and analyzed in
Origin 8-9.6 (OriginLab, Northampton MA) and GraphPad Prism version 8.0 (GraphPad Software
Inc., San Diego CA, USA) was used to perform statistical analyses. For gene expression, two-way
ANOVA with Tukey Kramer method for post hoc multiple comparison were performed in specific
genes and between males and female groups. For Ca2+ imaging experiments, n = 1 was defined as
one cell, cells were obtained from multiple animals across multiple independent experiments on
different days. To determine dose-response profiles of fatty acids in taste receptor cells (TRCs),
the half maximal effective concentration (EC50) values were estimated by fitting a four-parameter
logistic dose-response curve to estimated values resulting from the model in addition to a one-way
ANOVA with Tukey Kramer method for post hoc multiple comparison. To determine E2
responsiveness in TRCs, one-way ANOVA, followed by Tukey multiple comparison post hoc tests
were used to evaluate differences in calcium responses (AUC) between groups. To evaluate E2
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responsiveness in GFP-PLCβ2 and GFP-GAD67 TRCs, unpaired, two-tailed t test was used. In
the two-bottle preference test, differences between males and females were analyzed for statistical
significance using a one-way ANOVA, followed by Tukey multiple comparison post hoc tests. In
the conditioned taste aversion (CTA) assays, two-way ANOVA with Tukey Kramer method for
post hoc multiple comparisons were performed to test differences between LiCl- and salineinjected mice within each group. Fatty acid detection concentrations were determined as the lowest
concentration a statistically significant difference was seen between the LiCl- and saline-injected
mice within each group.

Results
Sex differences and estrous cycle-dependent expression patterns of estrogen receptors in taste
cells
To assess sex specific differences in the expression of ERs, RNA from circumvallate
papillae, fungiform papillae, and non-taste tissue were collected from both males and females at
the four phases of the estrous cycle and OVX females. In taste cells, estrogen receptor alpha (Erα),
estrogen receptor beta (Erβ), and the G-protein coupled estrogen receptor 1 (Gper1) transcripts
were observed (Fig. 3A-C). The highest expression of ERs was found in the fungiform papillae
(Fig. 3A) compared to the circumvallate papillae (Fig. 1B) and non-taste tissue (Fig. 3C). Gper1
was highly expressed during the early phase of the cycle in the fungiform taste cells and high in
the late phase in the vallate taste cells. Gper1 expression was downregulated in OVX females in
both taste papillae. Moreover, Erα mRNA expression displayed peak levels during the early phases
as opposed to the late phases of the cycle in both types of papillae. Erβ did not show expression
differences between the papillae in females regardless of hormone status, and between male and
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female taste cells. There was a sex difference in ER expression; males showed generally lower
mRNA levels across the ER transcripts. Although very low, Erα and Erβ receptor mRNA was also
detectable in non-taste epithelium tissue (Fig. 3C).

Estrogen receptor proteins are expressed in taste cells
We next performed immunofluorescence staining of coronal sections of fungiform and
vallate papillae of mouse tissue with specific anti-ER antibodies. There are reports that show the
nonspecificity of the ERβ antibodies that is commonly used to detection ER proteins (Andersson
et al., 2017). We also found exceedingly low gene expression of ERβ in taste tissue compared to
the other estrogen receptors. For these reasons, we focused on examining only the protein
expression of ERα and GPER1 in taste cells. GPER1 proteins were present as membrane form
extranuclear receptors and were not present in non-taste tissue. ERα was abundantly expressed in
taste cells and the mRNA could be found in non-taste tissue (Fig. 3D, 3E), protein staining was
also evident outside of the taste buds (Fig. 3D, 3E).

GPER1 is expressed in receptor (Type II) cells but not in presynaptic (Type III) cells
Next, the specificity of ERs in taste tissue suggested that estrogen might have a function in
taste. To address this issue, we used GFP transgenic mice expressing markers for presynaptic
(Type III) cells and receptor (Type II) cells and co-stained taste tissue from these mice for ERs.
We found that estrogen receptors (ERα and GPER1) in taste cells co-localized with a subset of
cells expressing PLCβ, a marker for Type II taste cells, suggesting that estrogen plays a role in
those cells that express the signaling pathway for bitter, sweet, umami, and fatty acids (Fig. 4A).
Moreover, we found that GPER1 was almost completely absent in GAD67-expressing cells, a
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marker for Type III taste cells (Fig. 4B). ERα co-localized with small number of GAD67expressing cells as a nuclear receptor protein. It has been shown that estrogens alter the function
of glial cells in the CNS (Arevalo, Santos-Galindo, Bellini, Azcoitia, & Garcia-Segura, 2010;
Garcia-Segura et al., 1999). Additionally, Curtis (Curtis, 2015) found that estrogen enhances salt
taste sensitivity and leads to decreased salt consumption. Although unclear, some Type I taste cells
are thought to transduce salt taste (Vandenbeuch, Clapp, & Kinnamon, 2008). Accordingly, we
investigated the presence of ERs in cells that were not GAD67- and not PLCβ-expressing cells.
We bred transgenic mice expressing GFP in both Type II and Type III cells and looked for
expression in cell types that did not express GFP. While this approach does not ensure that nonGFP cells only consist of Type I cells, nuclear-only ERα was found in some GFP-expressing cells
and in many non-GFP cells. On the other hand, GPER1 primarily co-stained with GFP-only
expressing cells (Fig. 4C.)

Sex differences in the molecular elements of fat taste detection
Given that estrogen receptor expression was present predominantly in Type II taste cells,
we examined potential sex differences in genes that underlie fatty acid transduction, a process that
is largely limited to this cell type. In the fungiform papillae, Trpm5 transcripts significantly varied
at phases of the estrous cycle and between males and females. Trpm5 transcripts were more
abundant in males and females in early phases of the estrous cycle compared to females in the late
phases of the estrous cycle. The levels of Cd36, Gpr120, Trpm4, and Kv1.5 (Kcna5) were not
significantly different between males and females and at phases of the estrous cycle. In the vallate
papillae, the Cd36, Gpr120, Trpm5, and Trpm4 mRNA levels were comparable between males
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and females in early phases of the estrous cycle but showed lower mRNA levels in the late phases
of the estrous cycle. Kv1.5 transcript levels of males and females were roughly comparable to
females in late phases of the estrous cycle in other genes. The transcript levels of all genes in OVX
females showed a steadily decreasing trend (Fig. 5A).

Increased cellular response to LA is estrogen-mediated
On the basis of the previous data, showing that genes involved in fat taste transduction vary
between males and females and at the phases of the estrous cycle, we sought to determine whether
this translated to response changes in taste cells. We have also previously shown that fatty acids,
particularly linoleic acid (LA), can activate taste cells in a dose-dependent manner (Liu et al.,
2011). We conducted concentration-response experiments in taste cells of LA at a range of
concentrations from 0.1 µM to 100 µM. We used isolated taste cells from cycling females during
early and late stages of the estrous cycle, ovariectomized females, and males. A one-way ANOVA
showed no significant difference in LA responses between groups (F (3,32) = .06450, p>0.05). We
also found a similar dose-response relationship for LA in taste cells (Fig 5B). In addition, we
characterized fatty acid responsiveness as the LA concentration producing a half-maximal
response (EC50) i.e., the concentration of LA eliciting a half maximal intracellular calcium change
(Fmax/2), by fitting concentration-response data with a logistic relation. We observed a higher
EC50 in males than females, indicating that females regardless of hormones status appear to be
slightly more responsive to linoleic acid than their male counterparts. We found no difference
between fungiform and circumvallate papillae in the concentration-response function, so the
combined data were analyzed.
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Using calcium imaging, we examined fatty acid responses in taste cells in the presence and
absence of exogenous estradiol (E2,10 nM). In all experiments, E2 alone did not produce a
measurable change in intracellular calcium. The effect of E2 was only evident in combination with
fatty acid stimulation and was seen independent of stimulus order. A one-way ANOVA showed
the effect of exogenous E2 on taste cells from female groups (early phase, late phase, and OVX)
and males was significant (F (3,90) = 113.7, p<0.001). This effect of estradiol on LA responses
was dependent on the stage of the estrous cycle; exogenous estradiol had little to no effect on
female taste cells during the earlier phases of the cycle, a period when high endogenous estradiol
was present at cell collection. However, cells collected during conditions of low circulating
estrogen (late phase) showed that addition of estradiol greatly enhanced responsiveness to fatty
acids (Fig. 6A, 6B). This enhancement was also seen in taste cells collected from male mice.
Further, taste cells from ovariectomized females also showed an increase in fatty acid responses
during estrogen application. There were also greater responses in cells from OVX compared to
cells from male mice when exposed to exogenous E2 (Fig. 6B). Collectively, our data are
consistent with a role for estrogen in the peripheral taste system and specifically in the modulation
of cellular responses to fatty acids (fat taste).
Furthermore, we tested if the ability of estradiol to modulate fatty acid responses was
specific in Type II or Type III taste cells. Because the acute actions of estradiol were primarily
evident during the late phases of the estrous cycle, late phase female mice expressing GFP under
control of the PLCβ2 (Type II) or GAD67 (Type III) were used for calcium imaging. Using a
similar paradigm as in Fig. 4A, we found that only PLCβ2 cells (Type II cells) showed an estradiolmediated enhancement of LA responses (t (36) =6.238, p < 0.0001). Comparatively, there was no
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obvious enhancement of LA responses by estradiol observed in GAD67-expressing (Type III) cells
(Fig 7A, 7B).
Because of the timing of our responses, we initially hypothesized that our rapid increase in
cytosolic calcium upon fatty acid activation in taste cells was likely mediated by stimulation of a
membrane form of ER. While it has been reported that predominately nuclear, ERα and ERβ can
mediate membrane estrogen signaling, typically rapid effects are most likely mediated by
membrane-associated estrogen receptors such as GPER1 (Butler, Hildebrandt, & Eckel, 2018).
Previous studies have indicated that estrogen is involved in regulation of [Ca2+]i release via
membrane-associated ERs (mERs) including GPER-1 (Ding et al., 2019; Kuo, Hamid, Bondar,
Prossnitz, & Micevych, 2010). Moreover, we found GPER1 to be the only ER expressed
exclusively in taste cells. We used a pharmacological approach to test for the involvement of
GPER-1 in mammalian taste cells. The GPER-1 agonist, G-1, with linoleic acid, showed an
increase in intracellular calcium, indicating that GPER1 has a specific role in taste cells (Fig 5A,
B, F(2,54) = 42.01, p < 0.0001). On the other hand, administration of the GPER1 antagonist G 15
60 seconds before the combination of fatty acid and E2 exposure significantly attenuated
estrogen’s ability to enhance LA responses (Fig 8A, B, F(2,54) = 52.80, p < 0.0001). This acute
response was found in fungiform taste papillae cells. To determine whether this acute response
might involve PLCβ2, fungiform slices that expressed GFP in PLCβ2 promoter were stained with
GPER1 antibody. GPER1 proteins were highly co-localized with PLCβ2-expressing cells (Fig.
8C).
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Estrogen increases LA detection levels and alters preference in taste-guided behaviors
We have previously reported that female rats detected fatty acids at lower concentrations
and showed an increased avoidance to linoleic acid in a conditioned taste aversion test compared
to their male counterparts (Pittman et al., 2008). To directly examine sex differences in LA
responses, we compared the lowest avoidance concentration of linoleic acid in males and females
following formation of a CTA against 100 µM LA. A two-way ANOVA showed that LiClinjected mice in all the groups avoided licking LA at low concentrations, whereas the salineinjected control group licked LA relatively at the same rate as water; males F (6,98) = 31.18,
p<0.0001, SHAM-OVX, F (6,112) = 30.90, p<0.000, OVX+EB, F (6,84) = 17.14, p<0.0001, and
OVX (6,126) = 12.46, p<0.001 (Fig. 9B). In line with previous data, intact female mice detected
lower concentrations of LA than males; 0.3 µM and 3 µM LA, respectively. To examine the
effect of circulating hormones in females on taste responsiveness, female mice underwent
ovariectomy and were exposed to the same behavioral paradigm. Ovariectomized females
showed significantly decreased LA responsiveness. Estradiol has been shown to alter taste
responsiveness and modify tastant-specific behaviors, we assessed the effect of chronic estradiol
in linoleic acid responsiveness (Clarke & Bernstein, 2001; Curtis & Contreras, 2006; Curtis et
al., 2004; Stratford, Curtis, & Contreras, 2006). OVX mice treated with estradiol displayed
greater behavioral response to linoleic acid than non-treated OVX mice, suggesting that estradiol
may influence fatty acid detection in females. We found LiCl-mediated aversion to linoleic acid
did not generalize to other control tastants (Fig. 9C).
To validate the effectiveness of the ovariectomies and the estrogen replacement
treatment, adult C57BL/6J were euthanized after the completion of the CTA experiments and
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uteri were excised and weighed. Changes in uterine wet weight (milligrams) in each group across
experimental conditions (LiCl and NaCl) were analyzed. Uterine weights (mean ± SEM) for the
LiCl and NaCl groups were as follows: Sham (non-OVX): 97.0 ± 2.1 g (LiCl), 105.1 ± 6.8 g
(NaCl); OVX: 23.0 ± 1.8 mg (LiCl), 28.2 ± 1.9 mg (NaCl); OVX+EB: 109.8 ± 4.3 mg (LiCl),
116.1 ± 4.5 mg (NaCl). One-way analysis of variance (ANOVA) followed by Tukey-Kramer
method for post-hoc multiple comparison showed OVX group had the lowest uterine weight
compared to Sham females and OVX females with E2 replacement. The OVX groups were
significantly different from the corresponding SHAM and OVX+EB groups (Sham, n=7,
OVX_EB, n=5, OVX_Oil, n=7; NaCl: F(2, 16) = 94.49, p < 0.0001; LiCl: F(2,16) = 329.5, p <
0.0001).
To test overall fat intake preference between male and female, we used the isocaloric fat,
Intralipid, which consists of soybean oil emulsions. Preference ratio for intralipid (intralipid
intake/intralipid + water intake) in male and female mice during two-bottle 48 h LA vs water
tests revealed that female mice during high E2 phases (late diestrus and proestrus) preferred the
intralipid less than males and females in low E2 phases (late estrus and metestrus) of the estrous
cycle, F (2, 9) = 4.967, p<0.05 (Fig. 10A–B). In a 2-bottle preference assay, a dose-response
curve was used to characterize linoleic acid preference for males and females. Preference LA
concentrations ranging from 0.1 µM - 100 µM were plotted for males and females. There was no
significant difference in preference for linoleic acid in females at the four phases of the estrous
cycle. Males showed trends toward a greater preference for fatty acids over water at the higher
concentrations of LA (≥10 µM; Fig. 10C). However, there was no significant difference in the
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concentration of LA that produced the half-maximal preference for linoleic acid (EC50) between
males (2.4 µM) and females (4.3 µM).
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Discussion
The present study supports a role for estrogen in peripheral taste detection in mice. Several
results provide evidence in support of this interpretation. One, two of the three types of estrogen
receptors, ERα and GPER-1, are significantly expressed in mouse taste cells to varying degrees
consistent with taste cells being susceptible to both genomic and nongenomic (rapid) effects of
this hormone. Two, estrogen (estradiol) enhances fatty acid-induced calcium responses in isolated
taste cells, an effect that is largely restricted to Type II cells. Three, estrogen influences the
responsiveness to free fatty acids in in vivo assays of taste function.
Our initial focus was to determine if estrogen receptors are expressed in mouse taste cells
(TRCs). Using both qPCR and immunohistochemistry, we showed that Erα and Gper1 were
present in mouse taste cells. Additionally, in female mice the relative expression of Erα and
Gper1was phase dependent during the estrous cycle. The expression of Erα and Gper1 in the
fungiform taste papillae, showed significant increases in the early stage (high estradiol) compared
with the late stage of the estrous cycle. Our immunohistochemical experiments further illustrated
the localization of ERs in taste cells; GPER1 as extranuclear receptors. ERα appeared as a nuclear
receptor in taste tissue as well as surrounding non-taste tissue. Our results implicate both rapid
actions of estrogens via GPER1 while ERα might be involved in modulating long term
transcriptional events involving cellular signaling pathways in the taste system.
Taste cells are classified into four discrete cell types fulfilling roles as basal cells,
sustentacular cells (Type I), receptor cells (Type II) and presynaptic cells (Type III) in simplest
terms. Within the three cell types in the taste buds exist different pathways containing distinct
mechanisms for the initial recognition events for salt, sour, sweet, bitter, umami, and fatty acids
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(Gilbertson et al., 2000; Kinnamon, 2013; Liu et al., 2016; and Roper & Chaudhari, 2017). While
comparatively understudied, sex differences have been implicated in taste of sweet (Curtis et al.,
2005), salt (Curtis, 2015; Frye & Demolar, 1994), and fatty acids (Pittman et al., 2008; Stratford
et al., 2006; Stratford, Curtis, & Contreras, 2008). However, the mechanisms underlying these sex
differences remain unclear, though a logical link lies in the effects of sex hormones in the taste
system (Martin, 2016). We found that GPER1 co-localized with PLCβ2, a marker for Type II cells,
but are apparently absent in GAD67-expressing (Type III) cells while ERα appear to be present in
most taste cell types. In recent next-generation RNA sequencing (RNA-seq) data examining the
specific connection of sweet and bitter TRCs, Lee and colleague (2017) demonstrated that ERα is
present in both bitter and sweet modulating taste cells while ERβ transcript remained only in sweetresponsive taste cells (Lee et al., 2017). A second study using RNA-seq by (Sukumaran et al.,
2017) examining specific genetic profiles of taste cells did not report the presence of ERs in Type
II and Type III taste cells. The discrepancy reported in these studies could be due to methodological
differences including but not limited to RNA-seq library preparation approaches, reporter markers
for taste cell types, and analytical methods. Nevertheless, we showed that there is a discernable
presence of ER protein especially in Type II taste cells.
To further support the evidence that estradiol influences fat taste signaling, we examined
the transcript levels of known genes that regulate fat chemosensation and transduction. More
notably, we found that Trpm5, which is a critical component of the fat taste signaling cascade (Liu
et al., 2011), is highly variable between males and females and changes in females according to
the phases of the estrous cycle. Additionally, the levels of Trpm5 are more abundant in fungiform
taste cells than vallate taste cells; this differential transcript abundance may contribute to the sex
61

differences in fat chemosensitivity. Additionally, males and females during the early phases of
estrous cycle show remarkably similar patterns of gene expression compared to females in late
phases of the estrous cycle in vallate papillae. Ovariectomy in females resulted in a decrease in
gene expression, alluding to the possibility that the fluctuations of gonadal hormones in females
contribute to the adjustments of gene expression involved in taste function. Of note, ERα is
primarily localized in the nuclear region of taste cells. Similar to other physiological processes, it
is possible that it binds to estrogen response elements or other transcriptional factors and regulates
the gene transcription involving taste sensitivity (Gorski & Hansen, 1987). Our data are suggestive
of the important role of Trpm5 and other genes as important mediators in studying sex differences
in taste compounds such as sweet, bitter, umami, and fat. Further research is needed to reveal the
underlying mechanisms of 17β-estradiol and the consequences of molecular alterations in the taste
system.
To date there is no consensus mouse model that expresses unequivocally a universally
accepted marker for identification of all Type I cells, which constitute the most cells in each taste
bud. The expression of nucleoside triphosphate diphosphohydrolase-2 (NTPDase2) and the glial
glutamate-aspartate transporter (GLAST) have been previously used to identify Type I cells
(Bartel et al., 2006). However, these protein markers have had problems exclusively identifying
Type I cells (Feng, Huang, & Wang, 2014). To gauge evidence of ER expression in Type I cells,
we used tissue expressing both GFP in Type II and Type III cells. Although other cells such as
basal cells are present in taste buds and we cannot be certain low GFP expression might mask the
contribution of some Type II or III cells, we found the presence of ERα in a significant fraction of
cells that did not express PLCβ2 or GAD67. The predominant cells in the taste bud are these glial62

like cells, accordingly we reason that ERα is present in at least a subpopulation of Type I cells.
Analogous to the glial cells in the rest of the nervous system, Type I cells may elicit estrogenmediated protection to the rest of the taste bud (Dhandapani & Brann, 2002). However, ERs in
Type I cells are not involved in cell-based responses to fatty acids seen in the present study. The
function of ERs in Type I taste cells remains unknown and will require additional targeted research.
Unlike other cells (Chaban, Lakhter, & Micevych, 2004), estrogen alone did not alter
[Ca2+]i in taste cells. We propose a mechanism involving estrogen in taste cells where it enhances
the rise in cytosolic calcium upon activation with linoleic acid. Further, this enhanced activation
is estrous-phase specific, higher estrogen phases (proestrus and diestrus II) are not impacted
significantly by exogenous application of estradiol. It is feasible that high circulating estrogen at
the time of cell isolation led to a decrease in subsequent cell responsiveness through an unknown
mechanism involving changes in receptor expression or responsiveness. Cells were more prone to
estrogenic activation during the latter phases of the estrous cycle when endogenous estrogen is
limited. Compared to our gene expression data, we observed results in apparent conflict with our
functional cellular data. Females in early phases of the estrous cycle showed upregulation of genes
in a similar pattern to males whereas in the functional Ca2+ imaging data late phase females and
males showed similar responses to fatty acid and E2 application. We hypothesize that it is feasible
the higher levels of estradiol in early phase females may be modulating genes involved in fat
detection and the acute exposure of exogenous E2 is more apparent in late phase females. While
estrogen certainly is playing a role in modulating fatty acid responsiveness at the molecular,
cellular, and behavioral role based upon the data in the present work, it does not preclude
involvement of additional steroid and nonsteroidal hormones contributing to these changes as well.
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Further studies aimed at looking at the involvement of other endocrine pathways in the OVX ± E2
model will be needed to generate a more complete picture of the hormonal influence on (fatty acid)
taste.
The enhancement of the LA-induced calcium rise by estrogen was rapid and was seen
within a few minutes of application. Therefore, we initially focused on the membrane ER, GPER1,
to determine if it was responsible for the changes in cell-induced responses seen. Using a GPER1
agonist (G-1) we saw an increase in intracellular Ca2+ similar to the effect induced by E2 in fat
responsive cells and the GPER1 antagonist, G-15, attenuated this increased response. In other cell
types, GPER1 coupled Ca2+ responses were mediated by signaling cascades involving inositol
trisphosphate receptor and leading to calcium release from the intracellular stores (Ariazi et al.,
2010). While both a release from the intracellular Ca2+ pool and an extracellular influx are possible,
we found that PLCβ2 proteins are highly co-localized with GPER1 proteins. These data along with
the idea that E2 is acting in concert with fatty acids prompted us to conclude that the source of the
fast-acting calcium rise is via the PLC pathway. Our results are consistent that GPER1 is involved
in rapid actions of estrogen in taste cells, particularly fatty acid-activated taste cells. A recent study
has implicated a role for GPER1 in the etiology of diabetes and obesity providing an interesting
parallel to the current findings (Sharma et al., 2020). Studies in the taste system that contributed
to the development of the well-regarded signaling pathways have not taken the contribution of
cycling hormones into consideration. Thus, the observation that taste cells can elicit variable
responses based on the sex of the animal and current hormonal status is largely understudied. We
provide a possible mechanism that explains the reported behavioral and cellular differences in
males and females regarding fatty acid signaling in the peripheral taste system.
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Estrogen is a critical regulator of nutrient metabolism. Estradiol has been shown to play
significant role in food intake and loss-of-function promotes metabolic disturbance including
overeating and weight gain (Lizcano & Guzman, 2014; Lovejoy et al., 2008). While these studies
provide data on the role of estradiol in food intake, little is known about the effects of estradiol in
nutrient detection. There is evidence suggesting that estrogen may influence taste sensitivity and
threshold for some sapid molecules. Compared to males, females showed enhanced sensitivity to
salt and umami tastants, and decreased detection of sweet tastants (Curtis et al., 2005; Stratford et
al., 2008). It was also previously reported that female rats were more responsive to fatty acids and
did not discriminate different types of fatty acids as well as their male counterparts (Pittman et al.,
2008). The CTA results (Fig. 6) showed intact females could detect (avoid) LA at lower
concentrations than males. Calcium imaging data (Fig. 3B) also revealed this difference in
responsiveness (via EC50 values) and, though significant, may not be large enough to argue that
sensitivity or affinity is a behaviorally relevant difference between the sexes. However, removal
of ovaries diminished LA responsiveness, and this effect was reversed by exogenous
administration of estradiol. In our experiments, we compared males and females, but more detailed
experiments are needed to illustrate that short-term and transient changes of the estrous cycle
contribute to the detection of fatty acids at the behavioral level.
The findings from these experiments illustrated that females are significantly more
responsive to fatty acid taste than males and this responsiveness is partly due to the presence of
estrogen. We postulate that the changes in responsiveness of the taste system to fatty acid stimuli
are intimately related to estrogenic perturbation in taste cells. The specific roles of estrogen
receptors in food intake have been reported. Due to the dynamic locations of ERs in cells, it is
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possible that each ER receptor and subtypes contribute uniquely to overall food intake but might
vary across species and nutritional state of the organism. Overall, our results validate that steroid
hormones influence taste-guided behaviors in males and females. Particularly, estrogen can
enhance fatty acid-taste behaviors in females and is an important component of the underlying
process influencing sex differences in fat taste responses.
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Figure 3: Estrogen receptor expression in mouse taste cells is altered during estrous cycle
Quantitative real time PCR was used to determine relative expression of estrogen receptors
(ERs) in taste buds from the (A) fungiform papillae, (B) circumvallate papillae, and (C) nontaste epithelium. Bars depict mean ± S.E.M. gene expression relative to the internal calibrator
(early phase Gper1 in fungiform papillae) of three independent biological replicates using Gapdh
as the housekeeping gene. N.D. denotes gene was ‘not detected’ in the qPCR assay. Letters (a-d)
above bars indicate the statistical grouping variables determined using two-way ANOVA
corrected for multiple comparisons using Tukey-Kramer method. (D, E) Confocal images
illustrating ER localization in taste cells from the fungiform and circumvallate papillae,
respectively. ERα is found primarily as a nuclear receptor in taste cells and the non-classical ER;
GPER1 protein is localized in taste cells as membrane and cytosolic receptor. Scale bars, 10 µm
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Figure 4: ER proteins are predominately present in receptor (Type II)
taste cells
(A) Representative immunofluorescent images for ERα and GPER1
(red) in vallate taste buds from mice expressing GFP in PLCβ2–
positive (Type II) cells, and the corresponding merged image. Yellow
color indicates both ERs and PLCβ2 within the same taste cells. Note
that some estrogen receptor-positive cells are not co-localized with
PLCβ2. Scale bars, 10 µm. (B) Immunofluorescence for estrogen
receptors and a marker (GFP– GAD67) for Type III cells in mouse
vallate taste buds. Scale bars, 10 µm. (C) Immunofluorescence assays
for estrogen receptors in double– GFP transgenic mice show that there
was little GPER1 receptor expression in the population of non-Type
II, non-Type III vallate taste cells. ERα colocalize with the GFP
positive cells and are apparent in some non GAD67– or PLCβ2–
expressing cells (green). Scale bars, 10 µm.
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Figure 5: Expression and function of fatty acid signaling elements in male and female mice.
Bars depict mean ± S.E.M. gene expression relative to the internal calibrator; Trpm5 during early phases of the estrous cycle in
fungiform papillae, of three independent biological replicates using Gapdh as the housekeeping gene in male and female groups of (A)
fungiform and vallate taste cells. Letters (a-d) above bars indicate the statistical grouping variables determined using two-way
ANOVA corrected for multiple comparisons using Tukey-Kramer method. (B) Dose-response profiles for linoleic acid in males,
females in early stages and late stages of the estrous cycle, and OVX females. Changes in intracellular calcium in response to
perfusion with LA (0.1 μM -100 μM) were measured by ratiometric Fura-2 based imaging and area under the curve (AUC)
measurements were calculated during stimulus response. One-way ANOVA with Tukey-Kramer method for post-hoc multiple
comparison was used to compare the groups. Sigmoidal curves were fitted using normalized response data points in GraphPad Prism.
All data are presented as means ± S.E.M. The EC50 for male, females in early estrous phases, females in late estrous phases, and
OVX females were 37.9 µM, 30.4 µM, 30.8 µM, and 31.5 µM, respectively.
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Figure 6: Acute exposure of estrogen increases taste cell responses to linoleic acid.
(A) Representative traces of the intracellular calcium ([Ca2+]i) change induced by 10 µM linoleic acid (LA) and LA with 17-βestradiol (E2, 10 nM) in taste cells of WT males, females during early phases, late phases, and ovariectomized females. (B) Summary
data showing the mean percent change of responding taste cells comparing linoleic acid (10 µM) alone to the combination of linoleic
acid and estradiol (10 nM). The individual data points represent one taste cell (WT males, n =16; females during estrous phase, n=28;
females during proestrus phase, n = 40; and ovariectomized females, n = 11). Different letters represent different statistical groups
determined by one-way ANOVA with Tukey-Kramer method for post-hoc multiple comparisons.

76

Figure 7: The enhancement of fatty acid responses by estrogen is found only in Type II cells.
Taste cell responses were recorded from isolated taste cells (n=37) of female mice on estrus stage. Cells were sequentially stimulated
with linoleic acid (LA) (10 µM) and LA + 17β-estradiol (E2; 10 nM) in random order. (A) The traces show responses from PLCβ2GFP cells (blue) and GAD67-GFP cells (red). (B) Increased responsiveness to the combination of LA and E2 was primarily observed
in cells expressing PLCβ2-GFP but not cells expressing GAD67-GFP. ***,p<0.001 as indicated by student t-test.
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Figure 8: Estrogen enhancement of fatty acid responses is dependent upon GPER1.
(A) Representative traces of [Ca2+]i were recorded in taste cells during bath stimulation of LA
(10 µM) in the absence or presence of E2 (10 nM) and the GPER1 agonist, G-1 (100 nM), after
brief pretreatment with saline or the GPER1 antagonist, G-15 (1 µM). (B) Fungiform taste cells
were stimulated with linoleic acid in absence or presence of 17β-estradiol and G-1. Before
stimulation, taste cells were pretreated with G-15 (1 µM) for 60 seconds. AUC measurements
were calculated during stimulus response. All data are presented as mean ± S.E.M. (C)
Immunostaining of fungiform taste papillae taste buds showing specific labeling of 866 PLCβ2
(green) and GPER1 (red); GPER1 proteins are present in PLCβ2-positive cells similar to that
found in the circumvallate papillae.
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Figure 9: Estrogen increases fatty acid detection levels and alters preference in taste-guided behaviors
(A) Schematic representation of the behavioral experimental procedure. (B) Lick ratios for various concentrations of linoleic acid (0.1100 µM LA), expressed as the mean ± S.E.M. in LiCl and NaCl groups of males, intact females, ovariectomized females, and
ovariectomized female with hormone replacement mice on day 2 after CTA. 2-way ANOVA mean ± S.E.M. of each group, male (n =
8), SHAM (n = 9), OVX-E2 (n = 7), and OVX (n = 10). Asterisks indicate significant differences between NaCl-injected (closed circle
and LiCl-injected (open circles) groups **p < 0.001, ***p < 0 .0001). (C) the aversion to linoleic acid did not generalize to other
tastants in males and female groups
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A.

Figure 10: Fat taste preference in male and female mice
(A) Schematic for the preference assay and estrous cycle in females to study estradiol milieu.
(B) Preference ratio for intralipid (intralipid intake/intralipid + water intake) and for LA (LA
intake/[LA intake + water intake]) in male and female mice during two-bottle 48 h LA vs water
tests. Female mice during high E2 phases of the estrous cycle preferred the intralipid less than
males and females in low E2 phases of the estrous cycle. Although females trended towards low
preferences for LA, no significant sex differences were found between males and females.
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CHAPTER THREE: PERIPHERAL FAT DETECTION IN MALES AND FEMALES
REQUIRE BOTH TRPM4/5 DEPENDENT AND INDEPENDENT PATHWAYS
Abstract
Sex differences exist in peripheral fat detection in the oral cavity, and estradiol (E2) modifies fat
taste. Transient Receptor Potential channel type Melastatin (TRPM) subtypes 4 and 5 are highly
expressed in Type II taste cells. Previously, we have shown that fat taste functions in a sexually
dimorphic manner using molecular, cellular, and behavioral assays, and that a subtype of
estrogen receptor (ER) proteins are most highly expressed in Type II cells. Here we extended
previous results indicating that Trpm4 and Trpm5 display sex-dependent expression and depend
on ovarian sex hormones. We additionally showed that taste cell subpopulations had different fat
taste response profiles in male and female mice. With known taste cell transduction components,
the goal of this study was to investigate the mechanisms that contribute to sex differences in taste
cell activation. We found that E2 enhanced fatty acid (FA) responsiveness in Type II cells
consistent with ER expression patterns. Using Trpm5 deficient mice, both males and females in
estrus phase had significantly reduced FA responses, which was not true of females in proestrus
phase, suggesting that there might be E2-dependent and TRPM5-independent FA signaling in
Type II cells. The TRPM4 channel blocker (9-phenanthrol) and TRPM5 channel blocker
(triphenylphosphine oxide) partially reduced FA taste cell responses and the combination of both
blockers abolished FA responses in Type II taste cells, suggesting that TRPM4 participation in
LA-evoked responses is necessary in females during conditions of high E2. We also investigated
the mechanisms in which LA activated Type III taste cells using GAD67-GFP mice. We found
this activation to be TRPM4– and TRPM5–independent and required extracellular Ca2+ in
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response to LA. Interestingly, female mice in proestrus phase produced a significantly lower
Ca2+ current in response to LA compare to females on estrus phase and male mice, suggesting a
role for female hormones. Taken together, our data showed a novel pathway by which TRPM4
and TRPM5 activity are modulated by sex and vary across the estrous cycle in females.
Moreover, an additional LA-evoked taste cell response in Type III cells that do not require
TRPM4 or TRPM5 and is produced by Ca2+ ions. We conclude that sex hormones have a direct
physiological role in mediating taste cell responses.

Introduction
Taste receptor activation is important for nutrient intake and environmental sampling in both
simple and complex organisms. Some of the earlier studies have shown that palatability of food
is highly dependent on those that are lipid-rich and high in energy (Drewnowski, 1997). Fat is a
calorically dense substrate that yields the most energy under typical absorption and digestive
effort compared to proteins and carbohydrates. In the last decade, the ability of fatty acids to
stimulate taste cells has gained great momentum. Moreover, the rise of metabolic diseases has
warranted more research in the detection and mechanism of fatty acids in the body and
particularly in the oral cavity. A plethora of signaling molecules is involved in the detection,
transduction, and transmission of taste stimuli by taste cells. These signaling molecules include
members of the Transient Receptor Potential Melastatin (TRPM); TRPM4 and TRPM5 channels,
which are monovalent cation channels and are also structurally related members of the
superfamily (Ramsey, Delling, & Clapham, 2006). Trpm4 and Trpm5 channels are activated by
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an increase in cytosolic calcium and provoke Na+ influx resulting in taste cell activation (Liman,
2007).
The expression of Trpm5 is mostly restricted to the tongue and the gastrointestinal tract
while Trpm4 is widely expressed across tissues (Liman, 2007). For a long time, TRPM5 has been
known to be the key element for depolarizing taste cells important in response to sweet, bitter,
umami, and fat stimuli and more recently TRPM5 has been implicated in activating taste cells in
a similar manner (Dutta Banik, Martin, Freichel, Torregrossa, & Medler, 2018; P. Liu, Shah,
Croasdell, & Gilbertson, 2011; Perez et al., 2002; Y. Zhang et al., 2003). Fat taste is thought to
be transduced through a G-protein coupled receptor (GPCR) mediated pathway, employing a
second messenger cascade similar to transduction of sweet, bitter, and umami taste (Gilbertson &
Khan, 2014; Roper & Chaudhari, 2017). Male mice with a genetic deletion of Trpm5 showed no
preference for or detection of fatty acids indicating that TRPM5 may be the primary ion channel
responsible in activating taste cells in males (Liu et al., 2011). Whether additional TRP channels
besides TRPM5 could contribute to fat taste has been a standing question. Recently, we showed
expression differences of Trpm4 in taste cells between males and females and these dynamic
changes were regulated by ovarian function (Dahir et al. 2021). Previous TRP channels have
demonstrated sex differences; TRPV1 sensitization involves the contribution of estradiol and the
cyclical nature of the estrous cycle to mediate sex differences in nociception (Lu, Chen, Wang, &
Wu, 2009) whereas the inhibition of TRPM2 provides neuroprotection against ischemia in males,
but no effect is seen in females (Jia et al., 2011). There are also reports of upregulation of
TRPV6 that are mediated by estrogen and by the estrous cycle. Additionally, the sole precursor
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for steroid hormones, cholesterol, has been shown to directly regulate the function of TRP
channels (e.g., TRPM3, TRM8, etc., Morales-Lazaro et al. 2017).
Here we report distinct functional roles of TRPM4 and TRPM5 in mediating fatty-acid
taste receptor activation in male and female mice. Using ex-vivo whole-cell patch-clamp
recordings and functional calcium imaging in taste cells, we found that TRPM4 and TRPM5 are
essential for both male and female fat taste. However, their functional activity is synchronized to
the female reproductive estrous cycle. Additionally, this cyclical regulation of fat taste via
TRPM4 and TRPM5 is dependent upon the ovarian sex hormone; 17β-estradiol. We also report a
novel TRPM4 and TRPM5-independent fatty acid-induced pathway that is also hormonedependent. Taken together, female hormone regulation of TRPM4 and TRPM5 function in taste
cells reveal a previously unknown signaling pathway for studying sex differences in mammalian
taste physiology.

Methods
Animals
All procedures involving animals were approved by the Institutional Animal Care and
University of Central Florida and were performed in accordance with American Veterinary
Medical Association guidelines. Experiments were performed on male and female adult
C57BL/6J (“wild type”) mice, transgenic mice (stock #007677) expressing enhanced green
fluorescent protein (EGFP) under control of the glutamic acid decarboxylase 67 (GFP-GAD67;
stock #007677) promoter on a C57BL/6J background from The Jackson Laboratory. Trpm5-/(stock #013068) were purchased from The Jackson Laboratory and then backcrossed to
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C57BL/6J strain for at least 5 generations in our animal facility. Phospholipase Cß2 (PLCß2EGFP) mice were generously provided by Dr. Nirupa Chaudhari (University of Miami School of
Medicine). Mice were maintained on a 12:12-h light-dark schedule and given ad libitum access
to chow and water.

Hormone Assessment
To determine the stage in the estrous cycle in female mice, a standard vaginal lavage was
applied (McLean, Valenzuela, Fai, & Bennett, 2012). Briefly, cells within the mouse vaginal
canal were collected via plastic Pasteur pipettes after flushing the vaginal canal with 0.9% NaCl.
A wet smear was collected in 0.9% NaCl with a fine tip pipette and observed under light
microscopy. A wet smear provided ample samples to distinguish readily the different cycles.
After microscopic examination, mice were classified as being in proestrus, estrus, metestrus, or
diestrus based on the number and typology of cells. For all mice used in experiments, vaginal
cytology was repeated for at least 10 days to ensure typical estrous cyclicality before continuing
with experimentation and to further predict when each mouse would be in a particular phase of
the estrous cycle. To minimize the incidence of missing cycles, sample collection was performed
daily in the early afternoon. To delineate the high- vs. low-estrogen phases, proestrus phase was
designated as ‘high-E2’ when estradiol levels are rising and have peaked and late estrus phase as
‘low-E2’ as estradiol circulation plateaus.

Solution and Reagents
Standard saline solution (Tyrode's) contained (in mM) 140 NaCl, 5 KCl, 1 CaCl2, 1
MgCl2, 10 HEPES, 10 glucose, and 10 Na pyruvate; pH 7.40 adjusted with NaOH; 305-315
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mOsm. Sodium-free Tyrode's contained (in mM) 280 mannitol, 5 KCl, 1 CaCl2, 1 MgCl2, 10
HEPES, 10 glucose; pH 7.40 adjusted with TrisOH; 305-315 mosM. Extracellular solutions in
which the calcium concentration was changed (Ca2+-free or 0.25 mM CaCl) (in mM) contained
140 NaCl, 5 KCl, 1.75–2 ethyleneglycol-bis(β-aminoethyl)-N,N,N′,N′-tetraacetic acid (EGTA),
1 MgCl2, 10 HEPES, 10 glucose, and 10 Na pyruvate; pH 7.40 adjusted with NaOH; 305-315
mosM. A potassium-based intracellular solution was used for measurement of membrane
potential and contained (in mM) 140 K gluconate, 1 CaCl2, 2 MgCl2, 10 HEPES, 11 EGTA, 1.5
ATP, and 0.5 GTP; pH 7.2 adjusted with KOH; 290-300 mosM. 17β-estradiol (10 nM E2) was
purchased from Sigma (St. Louis, MO) and made in 100% ethanol, working concentrations were
made from stock on the day of experiment and dissolved in standard Tyrode’s. Linoleic acid
(LA) is a polyunsaturated fatty acid (PUFA) that has been considered the prototypical stimulus
for fatty acid taste and representative of other PUFAs (Gilbertson, 1998). LA was purchased
from Sigma (St. Louis, MO) and was prepared as described before (Gilbertson, Liu, Kim, Burks,
& Hansen, 2005). Briefly, LA was prepared as stock solutions (25 mg/ml) in 100% ethanol,
stored under nitrogen at -20 °C, and working concentration (30 µM) was made immediately prior
to the experiment. LA was dissolved in standard Tyrode’s in all experiments.
Triphenylphosphine oxide (TPPO; 100 µM), an antagonist of TRPM5, 9-phenanthrol (9-PHE;
100 μM), an antagonist of TRPM4, were purchased from Sigma (St. Louis, MO) and were made
immediately prior to the experiment. TPPO and 9-PHE were dissolved in dimethylsulfoxide
(DMSO) and final concentrations of DMSO were less than 0.1%. DMSO concentrations used
here had no effect on cell health or cellular responses but nevertheless were included in the LA-
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alone solutions. BTP-2 (1 μM) (Millipore Sigma ) was dissolved in DMSO. Cells were incubated
with BTP-2 for 10-min.

Taste Cell Isolation
Individual taste buds were isolated from the tongues of 8- to 12-month-old mice using
techniques described previously (Dahir et al., 2021b; Gilbertson, Fontenot, Liu, Zhang, &
Monroe, 1997; P. Liu et al., 2011). Briefly, adult mice were sacrificed by exposure to CO2,
followed by cervical dislocation. Tongues were isolated and injected between the muscle layer
and the lingual epithelium with ∼0.20 ml of physiological saline (Tyrode’s) containing an
enzyme cocktail consisting of collagenase A (0.5 mg/ml; Sigma, St. Louis, MO), dispase II (2.0
mg/ml; Sigma, St. Louis, MO) and trypsin inhibitor (1 mg/ml; Sigma, St. Louis, MO ). The
injected tongue was incubated in Tyrode’s and bubbled with O2 for 40 min at room temperature.
Following the incubation, the lingual epithelium was removed from the underlying muscle layer
with forceps and pinned out in a Sylgard™-lined petri dish. The lingual epithelium was
incubated in divalent cation-free (Ca2+- and Mg2+-free) Tyrode’s solution containing 2 mM 1,2bis(o-Aminophenoxy)ethane-N,N,Nʹ,Nʹ-tetraacetic acid (BAPTA, Sigma, St. Louis, MO) for 2
min followed by 1 min incubation of enzyme cocktail at room temperature. To obtain individual
taste cells for calcium imaging, the epithelium was incubated with the divalent cation-free
containing BAPTA for additional 3 mins followed by 2 mins incubation of the enzyme cocktail.
Individual taste cells and tastebuds were removed by gentle suction with a ~100-150 µm fire
polished pipette using a low magnification dissection microscope. Taste cells were plated onto
15 mm glass coverslips coated with Corning® Cell-Tak™ Cell and Tissue Adhesive (Corning,
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PN 354240) for calcium imaging. For patch-clamp experiments, taste cells and taste buds were
plated onto a recording chamber that consisted of a Cell-Tak Tissue Adhesive coated Superfrost
microscope slide fitted with custom O-ring.

Whole-Cell Recording and Calcium Imaging
Taste cells and taste buds were continuously perfused with a standard Tyrode solution at
room temperature (RT) at a flow rate of 3.5 ml/min. Whole-cell recordings were obtained from
taste cells maintained in taste buds at RT. Patch pipettes were pulled on a P-1000
Flaming/Brown micropipette puller (Sutter Instrument) from 1.5-mm outer diameter filamented,
borosilicate glass tubing and had resistances ranging from 6 to 10 MΩ. Membrane voltage and
current signals were generated using an Axopatch 200B and digitized at 10 kHz using a Digidata
1550B and Clampex software (Molecular Devices). For membrane potential measurements, the
current-clamp mode of the amplifier was used while holding the cell at its zero-current level (i.e.,
at rest). LA-induced currents in taste cells were recorded using the voltage-clamp mode. Inward
currents were recorded at a holding potential of −100 mV, at which possible voltage-gated
conductances in taste cells were largely absent. A 5-s puff of stimuli were applied focally to the
entire taste cell from a double-barreled theta-glass pipette (Warner Instruments, Holliston, MA)
positioned near the cell and delivered by a PicoSpritzer III (Parker Hannifin Corp.) to obtain
responses from the same cell. A puff micropipette for 5-s delivered by a PicoSpritzer III was
used for single stimulus application. Responses of taste cells were recorded continuously before,
during, and after LA application controlled by the data acquisition software. Response
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differences to fatty acids and other stimuli between single taste cells and taste cells contained in a
taste bud showed no significant differences.

Calcium Imaging
Individual taste cells were measured by ratiometric calcium imaging using Fura2-AM as
described previously (Dahir et al., 2021; Liu et al., 2011). Briefly, taste cells were loaded with
intracellular calcium indicator Fura2-AM (Invitrogen) and InCyt Im2 software (Intracellular
Imaging Inc.) was used to control the experiment and collect the data. To record changes in
[Ca2+]i, cells were excited at 340 and 380 nm and emission was recorded at 510 nm. To identify
the subset of EGFP-expressing cells in the GFP-GAD67 or GFP-PLCß2 transgenic lines, cells
were excited at 490 nm and emission was recorded at 510 nm and marked as GFP-expressing
cells within the software prior to recording the Fura-2 signal. The F340/F380 ratio of each cell
was converted to [Ca2+]i based on the calcium calibration kit (Invitrogen). Linoleic acid (30µM,
LA) and mixture of LA with TRPM4 and TRPM5 blockers, 9-PHE and TPPO, respectively, in
random order were perfused over taste cells at a flow rate of 4 mL/min, followed with 1 min of
0.1% fatty acid-free BSA solution, and then Tyrode’s solution was applied until the calcium
signal returned to baseline.

Immunofluorescence Staining
Male and female mice were deeply anesthetized with isoflurane and transcardially perfused with
4% paraformaldehyde (PFA; w/v) in 0.1 M phosphate buffer (pH 7.4). The tongues were
removed, postfixed in PFA for 2 h, and incubated in 30% sucrose (w/v) in 0.1 M PBS (pH 7.4)
overnight at 4ºC. Blocks of tissue containing the circumvallate papilla were embedded and
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frozen in OCT compound (Tissue-Tek®). Frozen coronal sections (20 μm) were cut using a
cryostat and mounted on Superfrost glass slides. Sections were washed with 0.1 M PBS and
nonspecific binding was blocked for 1 h in blocking solution (10% serum, 0.3% Triton X-100,
and in PBS). Primary antibodies, KO validated by the vendor [1:100 anti-TRPM4, Alomone
Labs, (ACC-044)]; were diluted in blocking solution and applied to sections for incubation
overnight at room temperature. After rinsing in PBS, the sections were incubated with 1:250
diluted goat-anti rabbit Alexa Fluor 594 (Invitrogen) for 2 h. After washing with PBS, nuclei
were stained by 0.5 mg/mL Hoechst 33258 in 0.1% PBS-Tween® 20 (PBST) for 10 minutes at
room temperature. The sections were rinsed 3 times in PBS and coverslips were mounted with
Fluoromount G (Southern Biotech). Negative controls were obtained by replacing the primary
antibodies with the antibody diluted in PBS to assess any background signal. Sections were
imaged with a laser scanning confocal microscope (Zeiss, LSM710) equipped with 405, 488,
561, and 633 laser lines. Images were processed and analyzed with ImageJ.

Results
TRPM5 is required for linoleic acid-induced taste cell activation in males and in estrous cyclespecific activation in females.
Previously, we have shown that Trpm5 gene expression in taste cells displayed sex
differences and varied across the estrous cycle (Dahir et al., 2021). Additionally, TRPM5
function is thought to be primarily restricted to Type II cells (Perez et al., 2002) and is crucial for
linoleic acid-induced taste cell activation in male mice (Liu et al., 2011). The combination of
these results prompted us to examine the functional role of TRPM5 in mediating sex differences
in fat taste. To characterize the activation of TRPM5 channels, taste cells were isolated from
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PLCβ2-GFP mice expressing a marker for Type II taste cells and in Trpm5-/- male and female
mice. Two-way ANOVA with Tukey method for post-hoc multiple comparison was performed
to assess both sex differences and effect of estrous cycle on TRPM5-mediated fatty acid taste
cell activation. As expected, LA-induced inward current (Fig 11A–B) and cellular depolarization
(Fig 11C–D) in taste cells isolated from males were significantly reduced in the Trpm5-/- mice
compared to wildtype mice. Interestingly, divergent LA-induced taste cell responses appeared in
the female mice. Females in estrus phase of the estrous cycle showed a significant reduction in
both inward current and cellular depolarization in the mouse model with Trpm5 gene deletion,
suggesting that TRPM5 is important in mediating fat taste in females during low levels of
endogenous E2. In contrast, females in proestrus phase of the estrous cycle showed no significant
changes in the absence or presence of TRPM5. Collectively, these results indicated that TRPM5
activation is both sex-dependent and varies across the estrous cycle in that females during high
endogenous E2 do not require TRPM5 for LA-induced taste cell activation (inward current, F (2,
70) 14.12, p<0.0001; cellular depolarization, F (2, 74) 9.507, p<0.001).

Estradiol increases LA-taste cell activation via TRPM5-mediated pathway
Our first set of data suggested that circulating ovarian hormones that fluctuate during the
estrous cycle are the main contributor in taste cell activation differences between males and
within females. This was important because we have previously shown that estradiol increased
LA-induced intracellular calcium in Type II cells (Dahir et al., 2021). TRPM5-activated inward
currents and total cellular depolarizations were recorded from Type II cells stimulated with LA
in the absence or presence of E2 (Fig. 12A) A repeated measures ANOVA with Tukey method
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for post-hoc multiple comparison revealed that TRPM5-activated inward currents significantly
increased in taste cells from males and females on estrus phase of the estrous cycle. No
differences were detected in females in proestrus phase of the estrous cycle (Fig. 12B) (repeated
two-way ANOVA, F(2,18) 18.05, p<0.001). Total cellular depolarization was recorded in Type
II taste cells from male and female mice (VM = 49.57 ± 3.81). Type II taste cells from males and
females in estrus phase had significantly increased total cellular depolarization when LA and E2
were simultaneously applied compared to LA alone. Similar to the TRPM5-activated inward
current, females on proestrus phases had no differences in LA-induced cellular depolarization in
the absence or presence of E2 (Fig. 12C) (repeated 2-way ANOVA, F(2,18) 34.59, p<0.001).

TRPM4 is essential for fatty acid signaling in receptor (Type II) taste cells from male and female
mice
In addition to TRPM5, TRPM4 has been proposed as another candidate to depolarize taste Type
II taste cells and activate sweet, bitter, and umami chemical cues (Dutta Banik et al., 2018).
Additionally, we have previously shown that Trpm4 exhibits a differential gene expression
profile that varied between males and females across the estrous cycle (Dahir et al., 2021). Given
that females on proestrus phase of the estrous cycle essentially showed no changes in LA taste
cell activation when Trpm5 was genetically deleted, we hypothesized that TRPM4 is responsible
for activating Type II taste cells from females during proestrus phase. We performed
immunofluorescence assays to evaluate the co-localization of PLCβ2, a marker for Type II taste
cells, and TRPM4 protein. TRPM4 protein was present in Type II taste cells (Fig. 13A) in tissues
from male and female mice. Next, we examined the effects of 9-phenanthrol, a selective TRPM4
antagonist, on LA-induced taste cell activation using taste cells from PLCβ2-GFP male and
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female mice. 100 µM 9-phenanthrol significantly decreased the LA-induced inward current in
Type II taste cells from males and females in estrus and proestrus phases of the estrous cycle
(Fig. 13B) (repeated 2-way ANOVA, F (2,21) 17.86, p<0.0001). Additionally, the contribution
of TRPM4 on total cellular depolarization induced by LA indicated that males and females on
estrus phases had significantly decreased responses in the presence of 9-phenanthrol (Fig. 13C)
(repeated two-way ANOVA, F (2,20) 30.89, p<0.0001). However, females during proestrus
phase showed no change in LA-induced depolarization when the activity of TRPM4 were
inhibited. These data suggested that TRPM4 was important for normal fatty acid signaling,
particularly in the inward current responses.
The above results indicated that LA-evoked responses in Type II taste cells depend on
both Ca2+ –activated cation channels TRPM4 and TRPM5. We performed calcium imaging on
single taste cells from PLCβ2-GFP mice with the ratiometric fluorescent dye Fura-2AM and
measured the LA-induced intracellular calcium responses. Two-way ANOVA with Tukey
method for post-hoc multiple comparison showed that TRPM4 (9-PHE) and TRPM5 (TPPO)
antagonists inhibited the LA-induced calcium responses and the combination of both channel
antagonists markedly abolished LA-induced calcium responses in both male and female mice
(Fig. 14A–B). These results indicate the TRPM4 – and TRPM5–mediated inward currents were
essential for both males and females across the estrous cycle. However, it was intriguing that
LA-activation in female taste cells varied the relative contributions of TRPM4 and TRPM5
activation and heavily depended on the estrous cycle. This raised the possibility that TRPM4
could induce female-specific activation when TRPM5 is not functioning properly. To test this
hypothesis, we recorded LA-induced inward currents and total cellular depolarization from mice
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with TRPM5 gene deletion (Trpm5-/-) in the presence or absence of TRPM4 channel antagonist,
9-PHE. We found the remaining inward current in the Trpm5-/- males and females on estrus
phase remained unaffected, however, the LA-induced inward current from females in proestrus
phase significantly decreased when TRPM4 function was inhibited (Fig. 15A). Additionally, we
measured LA-induced total cellular depolarization in the same mice. TRPM4 inhibition resulted
in only altering LA-induced cellular depolarization from females in proestrus phase (Fig. 15B).
These results demonstrate that LA activation in taste cells require TRPM4 in females during high
levels of E2 but contributes less to cell activation in males and females during low E2 levels.

LA stimulation of isolated Type III taste cells generates cellular depolarization, inward currents,
and Ca2+ transients
Type III taste cells have been thought to predominately respond to acids and sour taste
cues whereas only a small fraction of them are more generally receptive to all taste qualities
(Tomchik, Berg, Kim, Chaudhari, & Roper, 2007). Additionally, there is a report of a broadly
responding subset of Type III cells tuned to bitter, sweet, and umami via a novel PLCβ3dependent signaling pathway (Dutta Banik et al., 2020). We have previously shown that a subset
of Type III cells that are GAD67-positive produce an intracellular calcium rise when stimulated
with LA (Dahir et al., 2021). In this experiment we examined the activation mechanism of these
cells in response to LA. Using whole-cell patch clamp experiments, we found that LA produced
a robust inward current in GAD67-GFP cells isolated from male and female mice. This inward
current was significantly reduced in females during proestrus phase of the estrous cycle (Fig.
16A–B). Stimulation of LA also depolarized GAD67-GFP cells and no significant differences
were observed between males and females across the estrous cycle (Fig. 16C–D).
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Ionic basis of inward current underlying the LA-induced Type III taste cell activation
We next investigated the nature of the inward current underlying the generation of taste
cell activation elicited by LA in Type III taste cells. To study this, we used whole-cell recording
and changed various ions present in the bath solution. Initially, we considered the possibility that
fatty acid-induced inward current was carried by Na+ influx as almost all the LA-current in taste
cells is abolished in mice lacking Trpm5 or when the activity of Trpm5 is reduced in the nutrientresponsive enteroendocrine cell line, STC-1 (Liu et al., 2011; Shah, Liu, Yu, Hansen, &
Gilbertson, 2012). To study the contribution of Na+ ions, a standard Tyrode solution and Tyrode
solutions in which 140 mM of the NaCl ions had been replaced by an equimolar substitution of
mannitol for NaCl was used. Any response, therefore, obtained was not expected to be due to
Na+ current through channels such as TRPM4 and TRPM5. Replacement of 140 mM NaCl with
mannitol (Fig. 17A) produced a similar response of inward current compared to cells that were
perfused with standard Tyrode (t-test; p>0.05). Similarly, GAD67-GFP cells showed similar
magnitude (Fig. 17B) of cellular depolarization in Na+–free extracellular environment compared
to standard Tyrode (t-test; p>0.05). It is appropriate to mention here that LA-induced taste cell
activation in GAD67-GFP cells start off with rapid action potentials at the onset of stimulus
application followed by sustained depolarization. As anticipated, this feature is diminished when
Na+ ions are depleted from the extracellular solution (Fig. 17B). To test the direct involvement of
TRPM4 and TRPM5 channels in the LA-induced type III taste cell activation, we measured the
change in intracellular Ca2+ using calcium imaging during LA with TRPM4 (9-PHE) and
TRPM5 (TPPO) antagonist application compared to LA-only application. The calcium responses
in GAD67-GFP cells were unaffected by the application of the TRPM4/5 channels antagonist
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when cells were activated by LA (Fig. 17C), indicating that both channels were not involved in
the LA-induced activation of GAD67-positive Type III taste cells.
Next, we explored the possibility that the nature of the inward current in Type III cells is
reliant upon extracellular Ca2+. If fatty acids elicit calcium currents to activate Type III taste
cells, it would be an important control mechanism for fatty acid taste cell activation. To examine
whether calcium current mediates LA-induced Type III taste cell activation, the extracellular
Ca2+ concentration was reduced (from 2 mM to 0.25 mM) or completely depleted in the Tyrode
and the Ca2+ chelator, ethyleneglycol-bis(β-aminoethyl)-N,N,N′,N′-tetraacetic acid (EGTA), was
used to buffer calcium levels. A reduction of inward current was observed in LA-induced Type
III taste cell activation when the extracellular Ca2+ was reduced and the inward current was
completely abolished in the extracellular Ca2+ – free Tyrode environment (Fig. 18A). Similarly, a
significant decrease in LA-induced cellular depolarization was seen when the extracellular Ca2+
was altered in Type III cells (Fig. 18B), indicating that the main current driving LA activation in
Type III cells is calcium current. It is well known that TRPM5 plays a distinct role in uniquely
activating Type II taste cells using phospholipase C beta 2 cascade transduction pathway (Liu &
Liman, 2003; Y. Zhang et al., 2003). Therefore, we tested the expression of TRPM4 in the
GAD67-GFP mice and interestingly found that TRPM4 is not present in these cells (Fig. 17D),
which would explain the functional Ca2+ imaging data where inhibiting TRPM4 activity did not
change the LA-induced calcium response. Our result is in contrast with the recent study by Banik
et al. (Dutta Banik et al., 2018) that concluded that TRPM4 is indeed present in Type III cells by
using synaptosomal-associated protein–25 (SNAP–25) to mark Type III taste cells. This
discrepancy might be explained by the heterogeneity of Type III taste cells as they have been
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shown to have distinct immunohistochemical markers including GAD67 and SNAP-25. We next
investigated the source of the Ca2+ current induced by linoleic acid (LA) in Type III taste cells. It
was previously reported that a component of store-operated calcium channels (SOCE), stromal
interaction molecule 1 (STIM1), a sensor of Ca2+ depletion in the endoplasmic reticulum, may
mediates fatty acid–induced Ca2+ signaling in taste cells and fat preference in mice (Dramane et
al., 2012). We conducted experiments to block activity of the molecular components that
orchestrate SOCE channels, STIM1/ORAI1/3, in Type III taste cells and stimulated cells with
LA. Treatment of BTP-2, a store-operated calcium channel blocker, was capable of inhibiting the
LA-induced inward Ca2+ current in Type III taste cells (P<0.0001) and cell depolarization
(p<0.001) compared to control cells (Fig. 19A–C). Taken together, these data provided evidence
that fatty acid activation in Type III taste cells involve influx of Ca2+ and involve SOCE
channels.

Discussion
To our knowledge few, if any, studies exist in characterizing sex differences in distinct
cell types of the taste system. We provide the initial electrophysiological evidence of sex
differences in response to fatty acids in taste cells. Patch-clamp recordings were made from Type
II and Type III cells, which were unambiguously identified by their intrinsic fluorescence using
mice that expressed GFP under the control of PLCβ2 and those under the control of GAD67 to
identify Type II and Type III taste cells, respectively.
Previous studies have illustrated that transient receptor potential cation channel subfamily
M member 5 (TRPM5) was critical in activating Type II taste cells (Damak et al., 2006; Kaske et
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al., 2007; Liman, 2014; Liu et al., 2011; Y. Zhang et al., 2003; Z. Zhang, Zhao, Margolskee, &
Liman, 2007). TRPM5 has been shown to be important in fatty acid-induced taste cell activation
in male mice via a G-protein coupled pathway to stimulate PLCβ2 leading to a rise in
intracellular calcium (Liu et al., 2011). We found that similar to previous experiments, Type II
cells from male mice required TRPM5. Both TRPM5-mediated inward currents and cellular
depolarization were significantly reduced in mice lacking Trpm5. In female mice, however,
TRPM5 activation highly dependent on the estrous cycle of females. Females on estrus phases,
similar to male mice, had a significant decrease in both TRPM5-mediated inward currents and
cellular depolarization. In contrast, females in proestrus phases showed no electrophysiological
changes in the presence or absence of Trpm5, alluding to the effect of cycling hormones in
female mice. In these experiments, we used the estrous cycle as a proxy for hormone levels,
particularly that of E2: serum E2 levels decline during the estrus phase and rise at proestrus
phase (Nilsson et al., 2015; Zysow, Kauser, Lawn, & Rubanyi, 1997). We found that TRPM5
activation was both sex-dependent and endogenous E2 circulation was determined to be
important in regulating TRPM5-mediated fatty acid activation in these cells.
Next, we tested the effect of acute E2 in TRPM5-mediated fatty acid taste activation.
Previously, we have found that the combination of acute application of E2 and LA produced a
significant increase in calcium transients compared to LA alone in taste cells in males and
females with low endogenous E2, and no calcium responses to E2 alone (Dahir et al., 2021a). As
a follow up to these results and the impression that TRPM5-mediated taste cell activation is
intertwined with endogenous levels of E2 in females, we found that focal application of LA with
E2 significantly increased both the TRPM5-mediated inward current and cellular activation in
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males and females in estrus phases compared to LA alone. However, there was little or no
reduction of inward current and cellular depolarization observed in females during proestrus
phases. Additionally, E2 alone was not solely capable of producing inward current or cellular
depolarization in both males and females, demonstrating that E2 is enhancing TRPM5-mediated
LA response directly or indirectly. Interestingly, TRPM5-mediated currents in females in
proestrus has a slightly smaller observable magnitude inward current than both males and
females during estrus phases. Further experiments are needed to assess whether E2 effects
TRPM5 channel conductance and general biophysical parameters thus influencing TRPM5
channel activation.
The absence of TRPM5-mediated effects in LA-induced Type II taste activation in
females during proestrus phases suggested to us that there may be another channel that carried
the LA-evoked Na+ ions. Transient receptor potential cation channel subfamily M member 4
(TRPM4) is a channel that is structurally and functionally related to TRPM5 that has also been
implicated in activating taste cells in response to sweet, bitter, and umami (Dutta Banik et al.,
2018). Using the PLCβ2-GFP taste cells, we found that similar to other GPCR-mediated taste
stimuli, TRPM4 was also critical in activating taste cells in response to LA in both males and
females. Inhibiting both TRPM4 and TRPM5 resulted in complete reduction of the LA-induced
intracellular calcium rise in both males and females. Importantly, this illustrated that females in
proestrus phase maybe preferentially dependent upon TRPM4 to activate LA in Type II taste
cells. To obtain further evidence for this, we recorded taste cells from Trpm5-/- mice and exposed
them to the TRPM4 antagonist, 9-phenanthrol. The further inhibition of TRPM4 in males and
female in estrus phase resulted in no further decreases in both LA-induced inward current and
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cellular depolarization. However, we observed a significant decrease in both inward current and
cellular depolarization from females in proestrus phase, suggesting that TRPM4 is the main
channel used to activate LA in this female group. We recently reported in the taste cells that
Trpm4 expression is also estrous cycle-dependent, and the highest expression is observed when
endogenous E2 is high (Dahir et al., 2021). Similarly, Eckstein and colleagues (Eckstein et al.,
2020) found that TRPM4 displayed estrous-dependent vomeronasal organ function and may
affect responses to olfactory cues; Trpm4 is upregulated in cycling females and downregulated
when estrous cycle is abolished by ovariectomy. Estrogen receptors (ERs) are also present in
taste cells (Dahir et al., 2021). Collectively, it is to be expected that TRPM4 significantly
contributes to taste-induced activation in Type II cells, particularly in female mice.
While Type II taste cells have been long thought to mainly carry the responses to sweet,
bitter, umami, and fat, it has been recently proposed that Type III cells can also carry signals
from sweet, bitter, umami, and fat cues (Dahir et al., 2021; Dutta Banik et al., 2020). We found
that LA was capable of inducing a robust inward current in Type III taste cells from male and
female mice. Interestingly, we observed a significant decrease in LA-induced inward current
from females during proestrus phase, suggesting yet another estradiol-mediated fat taste
response. The nature of the LA-activated Type II cells has been investigated and found to be
carried by Na+ ions (Liu et al., 2011). We investigated whether the LA-induced current in Type
III cells was the same as of Type II cells and found that depletion of extracellular Na+ resulted in
no change in both the LA-induced inward current and cellular depolarization of Type III cells.
Additionally, the inhibition of TRPM4 and TRPM5 resulted in no change in the rise of
intracellular calcium in response to LA in Type III cells, suggesting that this LA-induced
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activation in Type III cells is different than observed responses in Type II taste cells. We also
confirmed that TRPM4 proteins are not present in the subset of Type III taste cells we recorded
from by performing immunofluorescence in the GAD67-GFP taste tissue. However, TRPM4
protein has been reported in subset of Type III taste cells (Dutta Banik et al., 2018). It is possible
that subset populations of Type III taste may hold unique profiles in both the presence of specific
proteins and genes.
In the single cell transcriptome published data from Sukumaran et al. (Sukumaran et al.,
2017), expressions of Trpm4 and Trpm5 were highly present in all the isolated Type II taste cells
whereas the expression of Trpm5 was largely absent in Type III taste cells and only few Type III
cells showed expression of Trpm4, which may partially explain our contradictory findings.
Additionally, in the CNS, the co-expression of SNAP-25, a marker often used for Type III taste
cells, and GAD67, the Type III taste used in the study may be controversial; some studies show
that the co-expression of both proteins is critical for synaptic transmission (Tafoya et al., 2006)
whereas others show a significant decrease in SNAP–25 expression in mature GABAergic
neurons (synthesized by GAD65/67; Verderio et al., 2004). It is possible that both proteins may
not be expressed on an equal timeline in the peripheral taste system. It has been shown that
synaptosomal-associated (SNARE) proteins are not exclusively expressed in Type III taste cells
but are also present in Type II taste cells (Ueda et al., 2006). Nevertheless, it is important to
examine the co-expression of the SNARE component, SNAP–25, and GAD67 in subtypes of
matured Type III cells to see if there is a developmental component to the expression of GAD67
and SNAP–25 in taste cells. Moreover, we investigated the source of Ca2+ in Type III taste cells
and found the molecular components of SOCE channels, STIM1/ORAI1/3 were involved in
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transducing LA activation in Type III taste cells. Our results align with previous findings that
STIM1 was involved in regulating fatty acid-induced taste activation and the absence of STIM1
resulting in no preference for fat in mice (Dramane et al.2012). We propose a secondary
mechanism for fatty acids to induced taste cell activation that is independent from what has been
previously reported as single transduction pathway. Taken together, our results indicate that taste
cells may utilize multi-pathways to report on nutrient detection and intake.

Conclusion
Female mammals experience physiological changes that are guided by the presence of cyclical
sex hormones arising from the reproductive system. The purpose of this study was to propose a
putative link among TRPM4, TRPM5, and taste cells by exploring the role of these channels in
mediating sex differences in taste cell activation, particularly due to fat taste cues. We found that
both TRPM4 and TRPM5 are critical in mediating fat taste in males and females and their
activity is estrous-cycle dependent. Additionally, we report a new distinct mechanism for fatty
acid taste activation that occurs in Type III taste cells. This mechanism requires extracellular
Ca2+ ions and is both TRPM5– and TRPM5– independent, and uses an intermediary pathway
involving SOCE channels. Collectively, males and females may utilize different signaling
mechanisms to detect peripheral fat cues.
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Figure 11: TRPM5 is required for fatty acid signaling in males and is essential in females during
low levels of endogenous E2.
(A) TRPM5-dependent current is rapidly induced by LA. Shown are traces of whole-cell TRPM5
current generated by focal application of LA (30 µM) through a 5-s application via a stimulus
pipette. Inward transient currents were recorded from wildtype (PLCβ2-GFP) mice and Trpm5-/mice, holding potential (Vh) = -100 mV. (B) Inward current transients in response to LA in male
and female mice in proestrus and estrus phases of the estrous cycle (error bars indicate SEM across
cells; n = 9 cells for wildtype and n = 13-20 cells from Trpm5-/- mice). (C) Traces depicting total
cellular depolarization in response to rapid application of LA (30 µM). Cells were held at their
zero-current level (i.e., at rest). Cellular depolarization was recorded from wildtype (PLCβ2-GFP)
mice and Trpm5-/- mice, resting membrane potential (VM = -55 to -60 mV). (D) Total cellular
depolarization in response to LA in male and female mice in proestrus and estrus phases of the
estrous cycle (error bars indicate SEM across cells; n = 7 – 11 cells from wildtype and n = 18 – 19
cells from Trpm5-/- mice).
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Figure 12: : Estradiol increases Type II cell activation in a sex-dependent manner.
(A) Example of isolated taste buds from a PLCβ2-GFP mouse used to study LA-induced type II
taste cell activation (scale bar: 30µm). (B) Males and females during estrus phase of the estrous
cycle display an increase in Type II taste cell inward current when fatty acids were combined
with E2 compared to fatty acids alone. Same cells were used for both stimuli to examine E2
effect (n = 7 cells for each group). .Inset example inward current trace from male Type II taste
cell that is activated by estradiol with LA + E2 or LA alone, holding potential (Vh) = -100 mV.
(C) Total cellular depolarization is increased in males and females during estrus phase of the
estrous cycle when Type II taste cells are activated by LA with E2 compared to LA alone. Same
cells were used for both stimuli to examine E2 effect (n = 7 cells for each group). Inset example
trace of total cellular depolarization from male Type II taste cell that is activated with LA with
E2 or LA alone; resting membrane potential (VM ) = -45 mV.
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Figure 13: TRPM4 is essential for fatty acid signaling in Type II taste cells from male and
female mice.
(A) Immunofluorescence staining from left to right panel showing TRPM4 (magenta), PLCβ2GFP (green), and merged image. Scale bars represent 5 μm. (B) LA-induced inward current in
Type II cells is significantly reduced by the TRPM4 channel antagonist 9-phenanthrol (9PHE) in
males and females across the estrous cycle. The same cells were rapidly exposed to LA and LA
with TRPM4 channel antagonist, 9-phenanthrol (n = 11 cells for males and n = 6 – 7 cells for
females). Inset, inward current trace from male Type II taste cell that is activated by LA or LA
with TRPM4 channel inhibitor 100µM 9-phenanthrol; holding potential (Vh= -100 mV). (C)
Summary graph indicating that total cellular depolarization induced by LA in Type II taste cells
are significantly reduced by the TRPM4 channel inhibitor, 9-phenanthrol, in males and females
during estrus phase but not in females during proestrus of the estrous cycle (n = 10 cells for
males and n = 6 – 7 cells for females). Inset, Cellular depolarization of Type II cell rapidly
stimulated with LA and LA with the TRPM4 channel inhibitor (100 µM 9-PHE); resting
membrane potential. (VM)= -59 mV).
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Figure 14: Intracellular calcium rise in Type II taste cells is inhibited by both TRPM4 and
TRPM5 antagonists.
(A) Representative calcium traces depicting effects of TRPM4 and TRPM5 blockers on LAinduced taste cell responses (B) from Type II taste cells in response to LA, LA with TRPM5
channel inhibitor (100 µM triphenylphosphine oxide [TPPO]), LA with TRPM4 channel inhibitor
100 µM 9-phenanthrol (9PHE), or LA with both TRPM4 and TRPM5 channel inhibitors.
Summary data of intracellular calcium responses induced by LA in the presence or absence of
TRPM4 and TRPM5 channel inhibitors. TRPM4 and TRPM5 channel inhibitors decreased LAinduced intracellular calcium concentration in Type II taste cells (error bars indicate SEM across
cells; n = 23 – 34 cells from males, n = 23 cells from females on estrus, and n= 25 – 31 cells from
females on proestrus).
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Figure 15:In the absence of the normal functioning TRPM5, females in proestrus utilize TRPM4 for LA-induced taste cell activation.
(A) LA-induced inward current in female Trpm5-/- mice during proestrus phase require TRPM4. Inward current from Trpm5-/- mice
stimulated with LA in the presence or absence of TRPM4 channel inhibitor, 100 µM 9-phenanthrol (9PHE; n= 16 cells in males, n= 7
– 9 cells in female mice). Inset, example of inward current traces in a Trpm5-/- female taste cell during proestrus phase that is stimulated
with LA and LA with 9-phenanthrol, holding potential (Vh = -100 mV). (B) Total cell depolarization from Trpm5-/- mice exposed to LA
and LA with 9-phenanthrol. In the absence of TRPM5, TRPM4-mediated cellular depolarization is essential in females during proestrus
phases (n= 16 cells in males, n= 7 – 9 cells in female mice). Inset, example of cell depolarization traces in Trpm5-/- female taste cell
during proestrus phase that is stimulated with LA and LA with 9-phenanthrol; resting membrane potential (VM) = -59 mV.
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Figure 16: Linoleic acid activates Type III taste cells in an estrous cycle-dependent manner.
(A) A representative trace of inward current traces in Type III taste cells from a male and females
on estrus and proestrus phases of the estrous cycle that are focally stimulated with LA (holding
potential (Vh) = -100 mV). (B) Example traces of cell depolarization in Type III taste cells from a
male and females on estrus and proestrus phases of the estrous cycle that are focally stimulated
with LA from male and female mice, resting membrane potential (VM) = -57 to -60 mV. (C) LAinduced inward current in Type III taste cells isolated from male and female mice. Females in
proestrus phase had a significant decrease in inward currents compared to males and females in
estrus phase of the estrous cycle. (error bars indicate SEM across cells; n= 10 cells in males, n= 9
cells for each female group). (D) Total cell depolarization induced by rapid application of LA to
Type III cells from male and female mice. (error bars indicate SEM across cells; n= 10 cells in
males, n= 9 cells for each female group).
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Figure 17: LA-induced Type III taste cell activation is TRPM4 and TRPM5 independent.
(A) LA-induced inward current is not dependent on extracellular Na+ ions. Data were combined
from males and females on estrus phase. (error bars indicate SEM across cells; n= 8 cells for
each condition); holding potential (Vh) = -100 mV. (B) LA depolarized Type III taste cells and
this depolarization was not dependent on extracellular Na+ ions. Data were combined from males
and females on estrus phase of the estrous cycle. (error bars indicate SEM across cells; n= 7 cells
for each condition); resting membrane potential (Vm)= -50 – -65 mV. (C) Average calcium
responses to LA in GAD-67 taste cells isolated from male mice (error bars indicate SEM across
cells; n= 14 cells). Inset, LA-induced intracellular Ca2+ rise in GAD-GFP taste cells in the
absence or presence of TRPM4 and TRPM5 channel inhibitors, 9-phenanthrol (9PHE) and
triphenylphosphine oxide (TPPO), respectively or the combination of inhibitors. (D)
Immunofluorescence staining from top to bottom panel showing TRPM4 (magenta), GAD67GFP (green), and merged image. Scale bars represent 5 μm.
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Figure 18: LA-induced Type III taste cell activation is dependent on extracellular Ca2+ ions.
(A) LA-induced inward current in Type III taste cells is dependent on extracellular Ca2+ ions.
Data were combined from males and females on estrus phase. (error bars indicate SEM across
cells; n= 8-10 cells for each condition); holding potential (Vh) = -100 mV. (B) LA-induced total
cellular depolarization in Type III cells is dependent on extracellular Ca+ ions. Data were
combined for males and females on estrus phase. (error bars indicate SEM across cells; n= 8-10
cells for each condition); resting membrane potential (VM) = -50 to -52 mV
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Figure 19: The effect of BTP-2, a SOCE inhibitor on LA activation in Type III taste cells.
Representative LA-induced Ca2+ current (A) and total LA-induced cellular depolarization (B) in
Type III taste cells in control (Tyrode) and after 10-min incubation of BTP-2 (1 μM). (C)
Treatment of the CRAC channel inhibitor (BTP-2) significantly suppressed the calcium current
and total cellular depolarization in Type III cells. Data are combined for males and females.
Summary data (mean ± SEM) represent average change of inward current and cellular
depolarization in control, BTP-2 treated. ***P < 0.0001.
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CHAPTER FOUR: ROLE OF ESTRADIOL IN PERIPHERAL FAT DETECTION
DURING HIGH-FAT DIET FEEDING
Abstract
In females, age-related loss of estrogen (E2) function promotes disruption of energy regulation.
Additionally, estradiol replacement therapy has been associated with protective effects against
metabolic disorders such as obesity and type 2 diabetes. In this study, we fed mice a 60% highfat diet and examined metabolic differences between males, intact females, and OVX females
with and without circulating estradiol. We found that long-term physiologically low E2 treatment
in OVX mice during a high-fat diet was able to restore some peripheral fat sensitivity that is
present in intact females. We found that fat intake sensitivity involved the peripheral taste system
as determined by gene expression and taste cell responses to fatty acids. Additionally, 17βestradiol is considered a neuromodulator that is capable of regulating many cellular processes
including the activity of ion channels. While the exact mechanism of estradiol modulation of ion
channels is unknown, others have shown that rapid non-genomic actions of estradiol potentiate
ion channel functionality and thus increase channel activity (Choudhury & Sikdar, 2018). In
previous studies, we have found that Trpm5, a channel important in peripheral fat taste pathways,
functions in a sexually dimorphic manner. In addition to that we have found that Trpm5 is
involved in downstream metabolism. We show that Trpm5 knockout (Trpm5-/-) males are
resistant to high-fat-induced obesity by eating less and subsequently gaining less fat than their
WT counterparts. Interestingly, Trpm5-/- females have the same caloric intake as their WT
counterparts but gain significantly less weight. To illustrate the possible involvement of gonadal
hormones in mediating these effects, we ovariectomized Trpm5-/- female mice and we were able
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to rescue the weight loss phenotype; Trpm5-/--–OVX mice had the same caloric intake and
similar weight status as the WT females. Together, these results demonstrate a link between
estrogen and Trpm5-mediated signaling in feeding behavior and taste cells that is sex–specific.

Introduction
Hormones are important mediators of physiological functions and hormonal defects have
been implicated in the development of diseases; and most notably those involving metabolic
dysfunction. Obesity has become an increasing health concern over the past decade; however, its
multi-faceted nature makes it difficult to treat (Flegal at al., 2010). While genetic factors
contribute to the rise of obesity, the complex interaction of environmental factors and hormones
play a key role in obesity development (Grantham & Henneberg, 2014). Both gut and sex
hormones act through an intricate neuroendocrine system that directly regulates nutrient intake
and energy homeostasis. Estrogen is found to mediate the effects of orexigenic and anorectic
hormones (Butera, 2010). It is important to note that body weight regulation, a process that
balances between food intake and energy expenditure, contributes to the control over how much
food is consumed, meal size, and meal termination. Several reports have indicated that the
effects of estrogen on ingestive behavior is through estrogen receptors in both the brain and
peripheral tissues. Earlier research has shown that direct stimulation of estradiol in the
ventromedial region of the hypothalamus which serves as the main satiety center influences
ingestive behavior (Schwartz &Wade, 1981; Beatty et al., 1975; Jankowiak & Stern, 1974). They
also found that implanting estradiol benzoate in that region facilitated a significant decrease in
food intake. However, the type of estrogen receptor that is responsible for the estrogenic effects
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on ingestive behavior is unclear. In some studies, estradiol treatment had no effect on ingestive
behavior in ovariectomized, ERα null mice illustrating that ERα was the receptor needed to
produce the estrogen-mediated ingestive behavioral effects (Geary et al. 2001; Roesch, 2006).
Additionally, it has been reported that periods of energetic challenges such as food deprivation
and restriction in the hamster resulted in a significant decrease of central ERα expression (Li et
al. 1994). The timing of estradiol’s effect on ingestion have also been under investigation.
Estradiol can activate classical estrogen receptors, mainly ERα and ERβ, and act as a ligandactivated transcription factor to affect long-lasting ingestive behavior (O'Lone et al.,2004).
Additionally, estradiol can activate fast-acting signals that occur within seconds or minutes via
extranuclear and membrane-associated forms of estrogen receptors (Hammes & Levin, 2007).
There are overwhelming data illustrating ERα is necessary for mediating estrogenic
ingestive behavior in rats and mice (Heine et al. 2000; Santollo & Eckel, 2009). In addition,
inhibition of ERβ blocked the effects of estrogen on food intake (Liang et al., 2002). The novel
estrogen receptor (GPR30 or GPER1) has been implicated in controlling estrogen-mediated
ingestive behavioral effects through rapid, non-genomic effects. . Kwon et al. (2014) reported
that GPER1 (GPR30) is the estrogen receptor that facilitates the reduction of food intake in a
STAT3-mediated pathway. Furthermore, Kwon et al. (2015) reported that the anorexigenic
effects of GPER1 occurred in a nuclear ER-independent manner. However, other studies have
reported that GPER1 has no overall effect in food intake but observed a disrupted estrousdependent food intake in rats (Davis et al., 2014). Sharma and Prossnitz (2017) concluded that a
lack of GPER1 results in altered metabolic regulation including increased adiposity, insulin
resistance, and metabolic dysfunction in mice. Additionally, stimulating GPER1 leads to
118

improved metabolic parameters, suggesting that GPER1 maybe a promising target for treatment
of metabolic disorders (Sharma & Prossnitz, 2017). We have found that GPER1 is important in
mediating fast acting taste cell activation to chemical cues for fat (Dahir et al., 2021). These
findings complicate the literature, and more research is needed to distinguish the roles of each
estrogen receptor and their modulation in ingestive behavior.
To determine the role of circulating estradiol and estrogen receptors on metabolic
regulation and possible effects on the taste system, we placed male and female mice on a high-fat
diet and measured their metabolic parameters including caloric intake, body weight, body
composition, and site-specific adipose tissue weight. We further examined functional taste cell
responses to fatty acids and studied genes important for fat taste transduction in these high-fat
diet fed mice. We used males, intact females, OVX females, and OVX females with estradiol
replacement therapy to study the importance of estradiol in regulating these metabolic
parameters. We found sex differences in these metabolic parameters were mediated by estradiol
and targeting specific estrogen receptors provided unique taste cell response profiles.
These taste-specific changes in mice lead us to believe that components of the fat
transduction may be mediating these altered responses in male and female mice. We focused on
Trpm5, a member of the transient receptor potential (TRP) channel family that is expressed in
taste cells and have been the focus of investigation in the past two decades (Liman, 2007; Perez
et al., 2002; Zhang et al., 2003). Global deletion of Trpm5 significantly reduced detection for
bitter, sweet, umami, and fat stimuli; suggesting that Trpm5 is important for normal detection of
these taste stimuli (Damak et al., 2006; Liu et al., 2011). Another study reported that partial
deletion of Trpm5 resulted in absence of all behavioral phenotypes in response to bitter, sweet,
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and umami taste stimuli (Zhang et al., 2003). Moreover, TRPM5 channels are highly expressed
in the small intestine and fatty acids stimulate enteroendocrine cells by downstream activation of
TRPM5 (Perez et al., 2002; Shah et al., 2012). Taken together, these studies suggest a possible
role of TRPM5 in postingestive chemosensation and possible influences in metabolic parameters
such as caloric intake and weight gain. Previously, we have shown that the lack of Trpm5
protects males from diet-induced obesity by decreasing both caloric intake and weight gain.
However, Trpm5-deficient females do not have altered caloric intake but show a decreased
weight gain (Liu et al., in preparation). In this study, we explored the possible influence of sex
hormones in mediating these sex-specific metabolic profiles seen in Trpm5-deficient mice. We
found that we were able to rescue the weight loss phenotype in ovariectomized Trpm5-/- female
mice; Trpm5-/- – OVX female mice had the same caloric intake and similar weight status as WT
females. Together, the data from this study suggest that there is a direct or indirect interaction
between estrogen and taste-signaling proteins such as Trpm5, in mediating peripheral fat
detection and contributing to overall energy regulation.

Methods
Animals
All procedures involving animals were approved by the Institutional Animal Care and
Use Committee of Utah State University and University of Central Florida and were performed
in accordance with American Veterinary Medical Association guidelines. All experiments were
performed on adult C57BL/6J (“wild type”) from The Jackson Laboratory (Bar Harbor, ME).
Trpm5-/- mice were generously provided by Dr. Robert F. Margolskee (Monell Chemical Senses
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Center) and has been previously described in detail (Damak et al. 2006). All mice used in
experiments were 8-12 weeks old at the start of experiment. Mice were maintained on a 12:12-h
light-dark schedule and given ad libitum access to chow and water, unless otherwise stated. For
feeding study experiments, mice were switched from their normal chow diet and were placed on
a run-in control diet (10% fat) for two weeks. After two weeks of the control diet, mice were
placed on high-fat diet (60% fat).

Diets
Diets used in feeding study experiments were purified diets purchased from Research
Diets, Inc. A 60% high fat lard diet (1:1 unsaturated: saturated) (D12492), and a 10% fat run-in
control diet (D07020902) were used in the experiments (Research Diets, Inc, New Brunswick,
NJ)

Ovariectomy and Hormone Assessment
The estrous cycle was assessed by vaginal smears on female mice fed 60% HFD for 4
weeks. The entire cycle was repeated at least three times to ensure we captured each phase in
detail. Smears were performed between 10:00 AM and 10:30 AM by inserting the tip into the
mouse vaginal canal, vaginal cells were collected with a plastic pipette filled with normal saline
(0.9% NaCl). Saline was quickly released and immediately drawn back into the syringe. The
process was repeated once more to collect the cells. The vaginal smear containing cells was
placed on a glass microscopic slide and viewed with a light microscope. The phases within the
estrous cycle were determined and number and types of cells were quantified. Multiple random
field views per slide were viewed to ensure the correct cycle was determined. To eliminate
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circulating gonadal steroids, ovariectomy surgery was performed. Bilateral ovariectomy was
performed on 8-12-week-old mice. Mice were anesthetized using 2% isoflurane. Animals were
pretreated with s.c. injection of the analgesic carprofen (20 mg/kg) with a follow up dose 12 h
after surgery. Mice recovered for 2-weeks prior to being used for further experimentation. No
adverse effects were observed in any of the mice used for experiments. To study the effect of
estradiol (E2), 7-8-wk-old female mice were treated with a hormonal regimen to mimic the
physiological range of estradiol levels for a young adult female mouse. OVX mice received over
the flank injections of either 2 µg of 17β-estradiol benzoate (EB; Sigma, St. Louis, MO)
dissolved in 0.1 mL of sesame oil or the vehicle (sesame oil) alone starting on the day of OVX
and throughout the feeding study experiment. To evaluate successful ovariectomy, wet uterine
weights were collected at the end of experiments. The uterus was cut just above its junction with
the cervix and gently stripped of fat and connective tissue and weighed. Uterine weight (absolute
mass) was calculated as a percentage of body weight. 17β-estradiol was quantified in serum from
HFD fed mice at the end of experiments using an enzyme-linked immunosorbent assay
(ab108667) from Abcam (Cambridge, MA).

Measurement of Body Composition and Necropsy Tissue Collection
Total body composition (fat, lean, and water) was determined by TD-NMR using the
LF50 body composition analyzer (Minispec; Bruker, Germany). Body composition was
measured at the start of the run-in diet, at the end of the run-in diet, at the start of the high fat
diet, and at the completion of the HFD study. Visceral (retroperitoneal, perirenal, and
mesenteric) gonadal (epididymal for males and periovarian for females) and subcutaneous
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adipose tissue were collected at the end of HFD experiment. Mice were weighed before
collection and adipose tissue weights are presented as percentage of body weight. Liver was also
dissected and weighed in the same manner.

Ca2+ Imaging
At the end of the high-fat diet, taste cells were isolated to test changes in peripheral fat
detection. Individual taste cells were isolated from the tongues by use of isolation procedures
that have been described before (Dahir, Calder, McKinley, Liu, & Gilbertson, 2021). Briefly,
adult mice were euthanized by exposure to CO2, followed by cervical dislocation. Males and
female groups (intact and OVX) were used in these experiments. The tongue was removed and
placed in Tyrode’s solution consisting of (in mM) 140 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10
HEPES, 10 glucose, and 10 Na pyruvate; pH 7.40 adjusted with NaOH; 305-320 mOsm. The
dorsal side of the tongue was then injected with an enzyme cocktail consisting of collagenase A
(0.5 mg/ml; Sigma, St. Louis, MO), dispase II (2.0 mg/ml; Sigma, St. Louis, MO) and trypsin
inhibitor (1 mg/ml; Sigma, St. Louis, MO) in Tyrode’s solution. The tongue was incubated in
Tyrode’s solution and bubbled with O2 for 30–40 min at room temperature. Following the
incubation, the lingual epithelium was removed from the underlying muscle layer with forceps
and pinned out in a Sylgard-lined petri dish. The lingual epithelium was incubated in divalent
cation-free (Ca2+- and Mg2+-free) Tyrode’s solution containing 2 mM 1,2-bis(oaminophenoxy)ethane-N,N,Nʹ,Nʹ-tetraacetic acid (BAPTA, Sigma, St. Louis, MO) for 4 min at
room temperature followed by second incubation of enzyme cocktail. Individual taste cells in
taste buds were removed by gentle suction with a ∼100- to 150-µm fire-polished pipette using a
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low-magnification dissection microscope. Taste cells were plated onto 15-mm glass coverslips
coated with Corning Cell-Tak Cell and Tissue Adhesive (Corning, PN 354240) for calcium
imaging. For RNA isolation and RT-PCR assays, the same general protocol was followed, taste
cells and taste buds were expelled into a 1.5 microcentrifuge tube containing RNALater, and
different tubes were used for each taste papilla. Individual taste cells were measured by
ratiometric calcium imaging using Fura2-AM as described previously (Dahir et al., 2021; Liu,
Shah, Croasdell, & Gilbertson, 2011). Briefly, taste cells were loaded with intracellular calcium
indicator Fura2-AM (Invitrogen) and InCyt Im2 software (Intracellular Imaging Inc.) was used
to control the experiment and collect the data. To record changes in [Ca2+]i, cells were excited at
340 and 380 nm and emission was recorded at 510 nm. The F340/F380 ratio of each cell was
converted to [Ca2+]i based on the calcium calibration kit (Invitrogen). Linoleic acid (30 µM, LA)
and a mixture of LA with estrogen receptor(s) agonists: propyl pyrazole triol (PPT), WAY
200070, 17β estradiol, and G-1 in random order were perfused over taste cells at a flow rate of 4
mL/min, followed with 1 min of 0.1% fatty acid-free BSA solution, and then Tyrode’s solution
was applied until the calcium signal returned to baseline. Estrogen receptor agonists alone were
also perfused over cells to measure their effect on taste cells.

Real-Time Quantitative PCR
RNA was isolated from taste cells using commercial extraction kit (RNeasy Micro Kit;
Qiagen, Germantown, MD) and was quantified and assessed for purity using NanoDrop
spectrophotometer (Thermo Scientific), and the mRNA integrity was determined using an
Experion Bioanalyzer, Experion Highsens Chips, and Experion software (Bio-Rad Laboratories,
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Inc.) following the manufacturer’s recommended protocol. cDNA was generated from 1 μg of
RNA using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA), and real-time quantitative PCR
was performed using Taqman Assay (Applied Biosystems, Foster City, CA). Three biological
replicates were measured for each gene, and within each sample triplicate reactions were
conducted. Relative expression was calculated as 2-ΔΔCT compared with the housekeeping gene,
Gapdh (sense/antisense/probe: TGCACCACCAACTGCTTAG /
GGATGCAGGGATGATGTTC / ATCACGCCACAGCTTTCCAGAGGG) (Integrated DNA
Technologies, Coralville, IA), using highest expressing gene as the reference group for each
group of analysis. All forward and reverse primer sequences were commercially available
TaqMan assays: Erα (Mm00433149 m1), Erβ (Mm00599821 m1), Gper1 (Mm02620446 s1),
Cd36 (Mm00432403 m1), Gpr120 (Mm00725193 m1), Trpm5 (Mm01129032_m1), Trpm4
(Mm00613173_m1), Kcna5 (Mm00524346_s1) and Gnat3 (Mm011653313_m1), and Plcβ2
(Mm01338057_m1) (ThermoFisher scientific).

Statistical Analysis
Statistical analyses were performed using GraphPad Prism (GraphPad Software, La Jolla,
CA) and Origin 9.6 (OriginLab, Northampton, MA). Simple comparisons between WT and Trpm5/-

male mice involved an unpaired, 2-tailed Student t test for parametric data. Two-way ANOVA

was used for comparing multiple groups or treatments with Tukey–Kramer method for post hoc
multiple comparisons. p≤ 0.05 was considered statistically significant. No outliers are removed,
and all data points are included in graphics and statistical analyses. Calcium imaging data are
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presented as boxplots (median + interquartile range [IQR]) with Tukey whiskers and outliers
presented as individual data points per convention.

Results
HFD-induced Sex Differences in Caloric Intake and Water Intake
We examined the effects of high-fat diet on the estrous cycle. A one-way ANOVA
showed that females in estrus phase consumed more calories than in the other three phases
(diestrus, proestrus, and metestrus) during a 4-week high-fat diet feeding (F (3, 28) = 18.37,
p<0.0001; Fig. 20). Next, we placed mice on a longer high-fat feeding regimen lasting 12-weeks.
Mice had ad libitum HFD and water throughout the experiment. A two-way ANOVA revealed
that HFD mice had higher fat intake compared to all the female groups (intact, OVX+Oil, and
OVX+EB). Within females, OVX+E2 females had lower fat intake (F (3, 22) = 28.47, p<0.0001;
Fig. 21A-B). A two-way ANOVA revealed that male and intact female mice generally had
consistent water intake throughout the experiment, resulting in a slight increase in males and
slight decrease in females from the start of the experiment to the end of the experiment. In
contrast, female mice regardless of hormone treatment had a reduction in water intake, but those
without estradiol treatment had significantly higher reduction than estradiol-treated mice (F (3,
28) = 12.68, p<0.0001; Fig. 22A–B).

Sex Differences in Body Weight and Adiposity in HFD fed mice
We used a two-way ANOVA (group x week) to determine body weight differences in
mice fed the HFD. Results indicated male and OVX mice had significantly higher body mass
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than intact and OVX+E2 females over the course of the experiment (Group: F (3, 308) = 860.8,
p<0.0001; weeks: F (13, 308) = 159.6, p<0.0001; interaction: F (39, 308) = 12.26, p<0.0001;
Fig. 23A–B. We performed body composition analysis on these groups as well. We measured
lean, fat, and free water mass before and after the run-in diet (10% fat) to ensure the groups were
roughly starting off from the same body composition profile before being placed on the HFD
diet. We found no differences in lean, fat, or water mass during the run-in diet (F(6,111) = 1.969,
p=0.0760; )(Fig. 24A). Similarly, we measured lean, fat, and water mass after the 12 weeks of
HFD. We used a two-way ANOVA (body composition mass x group) to test if body composition
mass were significantly altered in the groups during the HFD. There was a significant interaction
between body composition mass and group (F (6,111) = 146.8, p<0.0001; Fig. 24B). A Tukey
Kramer multiple comparison were performed to assess differences between groups on body
composition. There were significant differences between groups in both fat mass and lean mass.
No differences were observed in water mass.
We used two-way ANOVA (adipose tissue site × group) to determine sex differences
induced by HFD in male and female groups. There was a significant interaction between adipose
tissue site and group (F(6,63) = 8.782, p<0.0001) because adipose tissue weight was different
among groups (Fig. 24C). The main effect of group was significant (F(3,63) = 42.35, p<.0001).
OVX mice had significantly more subcutaneous fat compared to all the other groups, male mice
did not differ from SHAM female in the percentage of subcutaneous fat. OVX mice also had
significantly more visceral fat compared to the other female groups but were similar to males.
Lastly, gonadal fat was relatively similar across groups with the exception that females with
estradiol replacement had a lower percentage of gonadal fat. The main effects of adipose tissue
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weight locations were different among groups (F(2,63) = 51.02, p<.0001), generally
subcutaneous adipose tissue weighed the most compared to the other adipose tissues and
variations were observed in visceral fat. Prolonged HFD has been shown to promote chronic
hepatitis such as non-alcoholic fatty liver disease and may result in sex-specific liver damage
(Siersbaek et al., 2017 & Ganz, Csak, and Szabo, 2014). Therefore, we measured total liver
weight as percent of total body weight at the end of the 12-week HFD. Using a one-way
ANOVA, we found no significant sex differences in liver weight. However, within females, we
observed a significant reduction of liver weight as percent of total body weight in OVX mice.
This reduction was rescued by E2 hormone replacement (F(3,21) = 3.337, p =0.0389; Fig. 24D).

Uterine Weight and Circulating Estradiol Levels in Female Mice after HFD
We used a one-way ANOVA to compare uterine weight in female groups after 12-weeks
of a HFD. As expected, the OVX+Oil females had significantly less uterine weight compared to
SHAM females and OVX+E2 (Fig. 25A). In contrast, there were no differences observed in
SHAM F and females that underwent hormone replacement therapy (OVX+E2) throughout the
study (F(2,17) = 18.57, p<0.001). Additionally, we measured 17β-estradiol levels in mice after
the HFD. 17β-estradiol was quantified in serum from female mice using an enzyme-linked
immunosorbent assay. A two-way ANOVA revealed similar circulating estradiol levels in
SHAM (intact) females and OVX females with estradiol replacement therapy, and complete
reduction in circulating estradiol levels in OVX mice (Fig. 25B).
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Sex Differences in Gene Expression Profiles in Taste Cells after HFD
We were interested in the peripheral taste implications resulting from the HFD. At the
end of the study, we collected taste cells from each group and performed quantitative real time
PCR (qPCR) to test for expression changes of genes involved in peripheral fat taste detection and
estrogen receptors. We measured relative expression of genes, Erα, Erβ, Gper1, Cd36, Gpr120,
Trpm5, Plcβ2, Gnat, and Kcna5 in taste buds from the fungiform and circumvallate papillae. For
estrogen receptors (ERs) in fungiform taste cells, we performed two-way ANOVA (group x
genes) to assess gene expression changes during HFD and found that ERs were significantly
different among groups (F(2, 24) = 22.96, p<0.0001; genes: F (3, 24) = 111.7, p<0.0001;
interaction: F(6, 24) = 14.98 p<0.0001; Fig. 25A). Similarly, ER expression in vallate was also
significantly different among groups (F (2, 24) = 792.8, p<0.0001; genes: F (3, 24) = 499.6,
p<0.0001; interaction: F(6, 24) = 301.0, p<0.0001, (Fig. 25B). For genes involving the fatty acid
transduction pathway, we used a two-way ANOVA (group x genes) to test gene expression
differences between groups. In the fungiform papillae, we found that genes varied expression
among groups (F(5, 48) = 44.48, p<0.0001; genes: F(3, 48) = 51.86, p<0.0001; interaction: F(15,
48) = 21.51, p<0.0001, (Fig. 26A–F). Similarly, in the vallate papillae, genes involving fat
transduction pathway also varied expression among groups (F(5, 48) = 74.08, p<0.0001; genes: F
(3, 48) = 6.757, p<0.0001; interaction: F(15, 48) = 28.03, p<0.0001; Fig. 26A–F). These data
indicate that HFD alters relative expression of both estrogen receptors and genes involving
peripheral fat taste transduction.
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Functional Taste Cell Activity after HFD in Male and Female Mice
Next, we were interested in the functional changes of taste cells in response to fatty acids.
We performed ex-vivo experiments to test calcium responses in taste cells in response to linoleic
acid, a predominant fatty acid used to assess polyunsaturated fatty acid effects in taste cells
isolated from HFD-fed mice. We applied two concentrations of linoleic acid to taste cells (10 and
30 μM) that reflect a moderate and high concentration and tested calcium responses between
groups. In the fungiform taste cells, we used two-way ANOVA to test concentration x group
calcium responses and found significant differences at the 30 μM concentration (concentration,
F(3, 275) = 7.847, p<0.0001; groups: F(1, 275) = 67.22, p<0.0001; interaction: F(3, 275) =
1.672, p=.1733; Fig. 27B). In the circumvallate taste cells, the differences in the 30 μM linoleic
acid concentration were more pronounced, particularly in the OVX+E2 females (concentration, F
(3, 281) = 10.29, p<0.0001; groups: F(1, 281) = 40.37, p<0.0001; interaction: F(3, 281) = 8.354,
p<0.0001; Fig. 27C). Because of the drastic changes in taste cell activation that we observed in
females that received estradiol treatment after OVX and ER(s) gene expression changes after
HFD, we predicted ER(s) were involved in this increased fatty acid responsiveness in taste cells.
As such, we analyzed linoleic acid (10μM) responses in taste cells in the presence and absence of
various ER(s) agonists including propyl pyrazole triol (PPT; 100 nM), WAY 200070 (10 nM),
17β estradiol (10 nM), and G-1(100 nM). The application of agonists alone did not produce
calcium transients in taste cells (Fig. 28). Treatment of LA and 17β estradiol resulted in
significantly different calcium responses than LA alone (F(3, 125) = 96.44, p<0.0001) in taste
cells from all four groups (males, intact, OVX+Oil and OVX+E2 females; Fig. 29A). Treatment
of PPT, WAY 20070, and G-1 that activate specific estrogen receptors ERα, ERβ, and G-1,
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respectively, along with LA also significantly altered calcium responses in taste cells from the
different groups (PPT: F(3, 65) = 12.67, p<0.0001; WAY 200070: F(3, 113) = 21.17, p<0.0001;
G-1: F(3, 110) = 23.44, p<0.0001; Fig 29B–D). Together, these data demonstrate that treatment
of various agonists of estradiol receptor(s) impact taste cell responses to fatty acids in mice fed
long-term HFD, possibly through changes in estrogen receptors gene expression.

Interaction of Estrogen and TRPM5 Channels in HFD-fed Mice
Previously, we showed a sex difference in TRPM5-deficient male animals and their wild
type (WT) counterparts. Female Trpm5-/- and WT mice had equal caloric intake yet the Trpm5-/females gained less weight and body fat, an effect not seen when comparing male Trpm5-/- and
WT mice. In this study, we sought to replicate these experiments and further study the role of
estrogen in mediating these taste-specific effects in a diet-induced obesity model. Similar to our
previous experiments, we used WT males and WT females (intact and OVX) as control mice to
study both the effect of sex, sex hormones in females, and gene (Trpm5-/-). Similar to previous
findings, we found that Trpm5-/- males consumed less calories and subsequently gained less
weight than WT counterparts during 60% high-fat diet regimen lasting 12-weeks (Fig. 30A–B;
Fig. 32A). We used two-way ANOVA to compare caloric intake (weeks on diet x gene (Trpm5)
in male mice fed HFD for 12-weeks (weeks: F(13, 28) = 643.0, p<0.0001, gene: F(1, 28) = 1396,
p<0.0001; interaction: F(13, 28) = 52.72, p<0.0001). An unpaired t-test showed that Trpm5-/male mice had significantly less body weight compared to WT males, (t(2) =5.642, p<0.05). To
explore the contribution of different adipose tissues, we found that a lack of Trpm5 caused
significant reduction in visceral fat but not in subcutaneous or gonadal fat (F(2, 6) = 7.695,
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p<0.05; Fig. 32A). Because of our previous findings that water intake was altered in our HFD
mice, we measured water intake in Trpm5-deficient mice. Interestingly, we found that Trpm5-/males had the highest reduction in water intake followed by Trpm5-/- OVX females. Trpm5-/intact females had significantly less change in water intake during HFD period compared to the
other two groups, (F(2, 3) = 43.13 p=0.0062; Fig. 31A–B).
Previously, we found that there were no changes in caloric intake between Trpm5-/- and
WT females, yet the Trpm5-/- female had significantly less body weight than WT mice after the
high fat diet. In this study, we extended the HFD feeding to 12-weeks similar to our previous
experiments. Additionally, we included two additional groups in this study, an OVX group in
both WT and Trpm5-/- females to study the role of sex hormones in this weight loss result. For
caloric intake, we used a two-ANOVA (weeks x group (females)) to look at changes in caloric
intake between female groups during 12-weeks of HFD. We found significant differences in
caloric intake between Trpm5-/- groups and WT-OVX, but no differences between Trpm5-/groups and WT-SHAM (F (3, 4) = 13.88, p=0.0140; Fig. 31C–D). Next, we measured body
weight change and found that as expected the WT-OVX mice gained the most weight. We also
found that the Trpm5-/- and WT females were different in that the Trpm5-/- animals gained
significantly less weight than the WT mice. Interestingly, we found that this lack of weight gain
and body fat in Trpm5-/- female mice was reversed after complete estrogen loss via ovariectomy
without alter caloric intake (F(3, 4) = 86.79, p =0.0004; Fig. 32B). Furthermore, we also
measured adipose tissue depot weight and showed that both subcutaneous fat and visceral fat are
affected by this apparent estrogen–TRPM5 interaction (Fig. 32B).
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Discussion
The prevalence for obesity continuous to increase in both men and woman (Ogden,
Yanovski, Carroll, & Flegal, 2007). In this study, we report sex differences in metabolic
regulation using a diet-induced obesity model (DIO). We have shown that find that wildtype
(WT) male mice consume more calories than females resulting in greater weight, ultimately
leading to an increased accumulation of fat mass and altered adiposity. Overall, we found that
male mice were more vulnerable to the HFD-induced weight gain, stemming at least in part from
greater caloric intake than female mice. Previously, it has been reported that males fed HFD for
8-weeks developed similar metabolic profiles as the mice in our study (Hwang et al., 2010). In
addition to that, we found these metabolic differences in our DIO model extended to effects in
the taste system. We found sex differences in taste cell responses to fatty acids and genes
governing fat taste transduction in these HFD fed mice. To our knowledge, few, if any, studies
have examined the effect of long-term administration of high-fat diet on taste physiology that
implicate a role of sex differences that impact (i) weight gain, (ii) metabolic parameters, and (iii)
altered taste cell signaling.
The metabolic effects of male rodents fed HFD has been extensively reported (Hwang et
al., 2010; Peyot et al., 2010; Sims et al., 2013). In females, there has not been clear picture that
emerged in DIO animal models, mainly because intact females tend to be obesity resistant
regardless of the type of diet they consume. However, it is also well known that following
complete removal of circulating sex hormones via ovariectomy (OVX), in female rodents tend to
gain more weight and even sometimes surpass, particularly when fed a HFD. Further, these
changes can be reversed by estradiol replacement (Santollo & Eckel, 2008). We report the

133

metabolic effects and potential therapeutic effects of estrogen hormone replacement therapy
(HRT) in a diet-induced obesity model. We found that HRT in mice was able to reverse the
metabolic consequences that is observed in post-menopausal mouse model (i.e., ovariectomized).
In OVX mice, we saw a significant weight gain that was not necessarily associated with increase
in caloric intake from fat but due to increased adiposity and fat mass. HRT in OVX mice was
able to reverse these metabolic parameters and decreased total caloric intake compared to intact,
intact females on a HFD. Several mechanistic pathways may contribute to development of
obesity in females after depletion of estradiol via ovariectomy. Here, we present evidence for
changes in the peripheral taste system as well, as the loss of estrogen circulation in females
contribute to alterations in chemoresponses to fat (i.e., fatty acids). We found that in females
with estradiol replacement after ovariectomy, there were significant increases in taste cell
responses accompanied by upregulation of genes involved in fat taste transduction. Additionally,
we found that by targeting particular estrogen receptors, responses to fatty acids were altered.
Previously, we found all three estrogen receptors in the taste system (Dahir et al., 2021). By
activating each receptor with its respective agonist, we found that ER(s) agonist(s) mostly
inhibited fatty acid responses in taste cells with few exceptions with few exceptions, suggesting
that in DIO, estrogen signaling has a more inhibitory role in peripheral fat sensing. This is
particularly interesting as it has been found that estrogen has an inhibitory effect on food intake
(Asarian & Geary, 2006). Furthermore, the changes in taste cells from OVX mice were
surprising given our findings that ER(s) are downregulated in circumvallate papillae and at
undetectable levels in the fungiform papillae after HFD. More research is needed to further
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delineate whether these effects are due the HFD or just to general food intake and the roles
specific ERs in these metabolic changes.
Previously, we have shown that TRPM5 channels function in a sexually morphic manner
(Liu et al., in preparation). In this study, we investigated the physiological impact of TRPM5 in
long-term fat intake in male and female mice. This study followed from our earlier work where
we showed a sex difference in Trpm5-deficient (Trpm5-/-) animals and their wild type (WT)
counterparts on a 60% high-fat diet (Liu et al., in preparation). Trpm5-/- male mice consumed
less calories and subsequently gained less weight and body fat than their WT counterparts. In
contrast, Trpm5-/- female mice gained less body weight and body fat while having equal caloric
intake to WT females. We found that removing the secretion of estrogen via ovariectomy, the
Trpm5-/- females gained the same amount of weight and body fat as the Trpm5-/- males while not
altering their caloric intake. We also examined adiposity in Trpm5-/- mice and WT mice and
found that the Trpm5-/- mice generally had lower body adiposity than their WT counterparts.
Together, these results demonstrate a link, direct or indirect, between estrogen and Trpm5mediated signaling in feeding behavior. Future experiments are needed to examine the exact
interaction, if any, of Trpm5 and estrogen receptors in overall metabolic regulation.
Earlier reports have shown that drinking behavior does not alter food intake and 17β
estradiol can be effectively administered in the drinking water without altering water intake
(Gordon, Osterburg, May, & Finch, 1986). Moreover, it has been reported that high-fat diet is
associated with less fluid intake (Volcko, Carroll, Brakey, & Daniels, 2020). Previous studies
have also suggested that diet may alter oral cues of water whereas the postingestive cues may
remain unaffected (Davis, Smith, & Singh, 1999). We have measured drinking behavior in WT
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and Trpm5-/- mice to examine sex differences in fluid intake. In contrast to the previous
reporting, we found that WT mice show consistent levels in drinking water throughout the high
fat diet period. We observed a slight uptake in water intake at the end of the study in WT males.
Interestingly, WT females had different profiles in water intake depending on hormone status;
intact females had relatively consistent levels of water intake, a slight reduction in water intake
in OVX with estradiol treated, and a significant reduction in water intake in OVX females. This
data suggested that complete removal of sex hormones significantly disrupted females drinking
behavior and estradiol replacement was completely able to reverse this effect.
We observed that TRPM5, an important element for detecting oral chemical cues of
nutrients, had an effect on water intake. Trpm5-/- males had significant reduction in water intake
which seamlessly followed their decreased caloric intake. In Trpm5-/- females, intact Trpm5-/drank the same amount of water throughout the HFD feeding whereas OVX Trpm5-/- showed a
significant decrease in water intake; particularly during the HFD feeding period. It was recently
reported that TRPM5 is involved in maintaining appropriate salt regulation where the absence of
Trpm5 promotes high-salt consumption (Cui et al., 2019) while estradiol administration has been
associated to increase salt consumption in hypertensive rats (Kensicki, Dunphy, and Ely, 2017).
Therefore, it is possible that the combination of genetically deleting Trpm5 and removing
estradiol secretion disrupts the tightly regulated water balance mechanisms. It is imperative that
in future studies the plasma osmolality is measured in these mice that had significant reduction in
water intake to see their state of hydration. Additionally, with the effect of TRPM5 in drinking
behavior, future studies examining taste-related behaviors must include an assessment of fluid
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intake as a factor influencing nutrient detection and intake. TRPM5 may not just impact nutrient
intake but contributes to ingestive behavior including drinking behavior.
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Figure 20: Short-term high-fat diet caloric intake across the estrous cycle.
Caloric intake was measured daily in cycling female mice for 4 weeks and estrous cycle were
monitored daily to ensure at least 2-3 points were captured for each phase of the estrous cycle.
One-way ANOVA revealed females consumed more calories when in estrus phases compared to
the other phases. Average ± SEM are plotted for n= 8 females.
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Figure 21: Cumulative caloric intake of males and females on a 60% high fat diet.
(A) Average cumulative caloric intake (in Kcal) per week ± SEM over 2 weeks of 10% low fat
diet and 12-week of high fat diet. Mice were group housed (Number of cages in males=6, SHAM
F = 6, OVX+Oil =6, OVX+E2 = 8; 4 mice/cage). Two-way analysis of variance revealed that
OVX+E2 females significantly consumed fewer total calories compared to males and sham
females (p < 0.0001). In contrast, male mice consumed significantly more calories than all the
female groups (p < 0.0001). There was no significant difference between SHAM F and
OVX+Oil females in total calorie intake (p > 0.05). (B) Average data of caloric intake
differences between week 0 and the 12th week of high fat diet. Letters (a, b, c) above bars
indicate statistical grouping variables determined via 2-way ANOVA corrected for multiple
comparisons using Tukey–Kramer method.
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Figure 22: Change in water intake of males and females on a 60% high fat diet.
(A) Change in water intake (in g) per week ± SEM over 2 weeks of 10% low fat diet and 12weeks of high fat diet. Mice were group housed (Number of cages in males=6, SHAM F = 6,
OVX+Oil =6, OVX+E2 = 8; 4 mice/cage). Two-way analysis of variance was performed for
each data point to assess significant differences between different group changes in water intake
over weeks on diet. Male mice had significantly more water intake compared to all three female
groups (p < 0.0001). Within female groups, SHAM F and OVX+Oil females showed similar
water intake (p > 0.05) while OVX+E2 females significantly consumed less water than the
SHAM F and OVX+Oil females (p < 0.0001). (B) Average data of water intake between week 0
and 12th week of high fat diet. Letters (a, b) above bars indicate statistical grouping variables
determined via 2-way ANOVA corrected for multiple comparisons using Tukey–Kramer
method.
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Figure 23: Change in body weight of males and females on a 60% high fat diet.
(A) Change in body weight (in g) per week ± SEM over 2 weeks of 10% low fat diet and 12weeks of high fat diet. Mice were group housed (Number of cages in males=6, SHAM F = 6,
OVX+Oil =6, OVX+E2 = 8; 4 mice/cage). Two-way analysis of variance was performed for
each data point to assess significant differences between group changes in body weight over
weeks on diet. SHAM F and OVX+E2 had significantly less body weight compared to males and
OVX+Oil (p < 0.0001). There were no significant changes in body weight between SHAM F and
OVX+E2 females (p > 0.05). (B) Average data of body weight between week 0 and 12th week of
high fat diet. Letters (a, b) above bars indicate statistical grouping variables determined via 2way ANOVA corrected for multiple comparisons using Tukey–Kramer method.
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Figure 24: Body composition, fat pad weight, and liver weight as percent of body weight in male
and female mice on HFD.
(A) Change in body mass (over percent of bodyweight, BW) ± SEM over 2 weeks of 10% low
fat diet and (B) 12-weeks of high fat diet. (C) Effect of HFD on adipose tissue weight ± SEM at
the end of HFD. (D) Liver weight ± SEM at the end of HFD. Average graphed data is plotted.
Letters (a– d) and symbols above bars indicate statistical grouping variables determined via 2way ANOVA corrected for multiple comparisons using Tukey–Kramer method.
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Figure 25: Long-term changes of uterine weight and estradiol levels associated with estradiol
replacement therapy in females fed HFD.
(A) A one-way ANOVA revealed uterine atrophy in females after OVX and 12-weeks of HFD.
Reduction in uteri weight were rescued in OVX mice with estradiol replacement therapy. (B)
Similarly, a significant reduction in circulating estradiol levels was observed in OVX mice with
no E2 replacement compared to SHAM females and OVX females with E2 replacement.
Average data plotted ± SEM from pooled serum of 4 cages (4 mice/cage).
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Figure 26: Expression of estrogen receptors in males and females after 12-weeks of HFD.
Quantitative real time PCR was used to determine relative expression of ERs; Erα, Erβ, and
Gper1, in taste buds from the fungiform papillae (A) and circumvallate papillae (B). Bars depict
mean ± SEM gene expression relative to the internal calibrator [ERβ in OVX_E2) of 3
independent biological replicates using GAPDH as the housekeeping gene. N.D. denotes gene
was not detected in the qPCR assay. Letters (a– c) above bars indicate statistical grouping
variables determined using 2-way ANOVA corrected for multiple comparisons using Tukey–
Kramer method
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Figure 27: Expression of genes involved fat detection in taste cells from male and female mice after 12-weeks of HFD.
Quantitative real time PCR was used to determine relative expression of genes, Cd36, Gpr120, Trpm5, Plcβ2, Gnat, and Kcna5 in
taste buds from the fungiform papillae circumvallate papillae. Bars depict mean ± SEM gene expression relative to the internal
calibrator (Trpm5 in male vallate taste cells) of 3 independent biological replicates using GAPDH as the housekeeping gene. Letters
(a– c) above bars indicate statistical grouping variables determined using 2-way ANOVA corrected for multiple comparisons using
Tukey–Kramer method
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Figure 28: Estradiol Replacement in OVX mice fed HFD increase taste cell responses to fatty
acid.
(A) Representative calcium trace from vallate taste cell from SHAM F in response to LA. (B)
Isolated fungiform taste cell activity was recorded in response to LA (10μM and 30μM) from
males and female mice after 12-weeks of 60% HFD. A two-way ANOVA revealed that OVX+
E2 (n=45) females had a significant increase in calcium responses compared to males (n=19) and
OVX females (n=42) in the higher concentration of LA. No differences were detected between
SHAM females (n=31–51) and OVX+E2 females in either concentrations of LA. (C) In vallate
taste cells, a two-way ANOVA showed no LA-induced calcium response differences were
observed between male (n=38) and females. Within females, OVX+E2 (n= 46) had significant
rise in intracellular calcium in response to 30 μM LA compared to the SHAM (n=41) and OVX
females (n=42). Average data are plotted ± SEM.
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Figure 29: Bath application of 17β-estradiol and selective ERα/β and GPER1 agonists do not
activate taste cells.
Taste cells isolated from OVX mice (A) and (B) OVX mice with 17β-estradiol replacement
during a 12-week HFD were stimulated with linoleic acid (10 µM) or estrogen receptor(s)
agonists. Representative traces of calcium responses of taste cells during bath stimulation of LA
(10 µM) or with E2 (10 nM), selective ERα agonist PPT (100 nM), selective ERβ agonist WAY
200070 (10 nM), and selective GPER1 agonist G-1 (100 nM).
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Figure 30:17β-estradiol and selective GPER agonist G-1 produced an increase in cellular activation when applied simultaneously with
fatty acids but not selective ERα/β in OVX-mice on a long-term HFD.
Taste cells were stimulated with linoleic acid (10 µM) in presence or absence of (A) 17β-estradiol, (B) propyl pyrazole triol (PPT), an
ERα agonist, (C) WAY 200070, a selective ERβ agonist, (D) G-1, a GPER1 agonist and measured mean percentage change in
responses to LA (mean % change). Generally, all ER agonist displayed a decrease in LA-induced calcium responses. In OVX mice, an
increase was observed when stimulated cells with 17β-estradiol (E2) and G-1. Stimulating with WAY 200070 showed high calcium
responses in OVX+E2 females. PPT, in general, had decrease in calcium responses across groups when stimulated along with LA. (E)
and (F) Representative calcium traces from taste cells in response to LA and LA with ER agonists. Letters (a–c) above bars indicate
statistical grouping variables determined using via 2-way ANOVA corrected for multiple comparisons using Tukey–Kramer method.
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Figure 31: Trpm5 deletion protects against high-fat-induced obesity in male mice.
(A) Trpm5 KO males consume less calories than WT male mice over 12-weeks of HFD. (B)
Average graphed data of caloric intake between 1st week and 12th week of high fat diet. Letters
(a, b) above bars indicate statistical grouping variables determined by a t-test. (C) Trpm5 KO
female mice (OVX and intact) consume similar calories as intact females but consume less
calories than WT OVX females. D) Average graphed data of caloric intake between week 0 and
the 12th week of high fat diet. Letters (a, b) above bars indicate statistical grouping variables
determined using 2-way ANOVA corrected for multiple comparisons using Tukey–Kramer
method.
153

Figure 32: Decrease in water intake associated with Trpm5 deletion is more pronounced in
males.
(A) Trpm5 KO males consume less water over 12-weeks of HFD. Trpm5 KO females show
relatively consistent water intake over the 12-weeks of HFD, however, complete loss of ovarian
hormones via OVX leads females to ingest less water. (B) Average data of water intake between
week 0 and 12th week of high fat diet. Letters (a, b) above bars indicate statistical grouping
variables determined using 2-way ANOVA corrected for multiple comparisons using Tukey–
Kramer method.

154

Figure 33:Trpm5 deletion leads to reduced weight gain and reduced fat pad weight in both male
and female mice.
(A) Trpm5 KO males gained less weight than WT male mice over 12-weeks of HFD. Letters (a,
b) above bars indicate statistical grouping variables determined by a t-test. To explore the
contribution of different adipose tissues, Trpm5 deletion causes significant reduction in visceral
fat but not in subcutaneous or gonadal fat in male mice. (B) Trpm5-/- females gain less weight
and body fat. This is reversed after complete estrogen loss via ovariectomy in Trpm5-/- females.
Subcutaneous, visceral, and gonadal fat weigh less in Trpm5-/- females compared to WT females.
WT OVX females had the highest subcutaneous fat pad weight. Average data of weight change
between week 0 and 12th week on a high fat diet. Letters (a–d) above bars indicate statistical
grouping variables determined using 2-way ANOVA corrected for multiple comparisons using
Tukey–Kramer method.
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CHAPTER FIVE: CONCLUSION AND FUTURE DIRECTION
Conclusions and Summary
In the second chapter, I used various analyses including molecular, cellular, and
behavioral analyses to illustrate sex differences occur in fat taste in a mouse model. I
hypothesized that female mice are behaviorally more sensitive to fat intake and detection than
males and that this apparent difference is mainly mediated by fluctuating sex hormones in
females, mainly estradiol. To begin addressing this hypothesis, I have shown that female mice
are more responsive to fatty acids, leading to an overall decrease in intake and fatty acid
preference. These differences are linked to sex hormones, as estradiol enhances taste cell
responsiveness to fatty acids during periods of low circulating estrogen following ovariectomy
and in males. Estradiol is ineffective in altering fatty acid signaling during a high-estrogen period
and in ovariectomized mice on hormone replacement. Thus, taste receptor cells are a direct target
for actions of estrogen, and there are multiple receptors with differing patterns of expression in
taste cells. There were important data that emerged from this work including the importance of
the non-classical estrogen receptor, GPER1, in mediating fast-acting responses in taste cells. We
have found that 17 βestradiol (E2) increased taste cell response to fatty acids and found that it
was through GPER1 by using a pharmacological approach to target GPER1. We also found that
GPER1 is highly present in Type II taste cells and absent in Type III taste cells, suggesting that
there is specificity to estrogen’s actions in taste cells. Finally, I demonstrated that using tastespecific behavioral assay that female mice are more sensitive to the detection of fat compared to
male mice. This increased in taste sensitivity was due to circulating sex hormones as OVX leads
mice to have higher threshold for fat detection. I showed that estradiol replacement was able to
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rescue this decreased fat sensitivity in OVX mice. Taken together, my first chapter established
that male and female mice detected nutrients, fat in this case, differently and estradiol mediated,
at least in part, these differences.
In my third chapter, I focused more on the mechanisms surrounding these sex-specific
taste responses. I hypothesized that females detect fatty acids at lower concentrations mainly due
to changes in downstream proteins in the fatty acid transduction pathways. To begin answering
these questions, I focused on targeting the different cell types in the taste system. We have
previously found that Type II taste cells showed taste response differences between males and
females in response to exogenous estradiol and fatty acids. Similar to our previous experiments,
we found that estradiol increased fatty acid-induced Type II taste cell responses. This difference
was due to the activation of Trpm4 and Trpm5, two structurally and functionally related ion
channels that mediate taste cell responses. Interestingly, the estrous cycle was a factor in the
activation of these channels; females in proestrus phase used Trpm4 whereas males and females
in estrus phase of the estrous cycle used Trpm4 and Trpm5 to activate taste cells in response to
fatty acids. Additionally, I also found that subset of Type III taste cells responded to fatty acids
and used TRPM4/5–independent pathways. Type III taste cells relied on extracellular Ca2+ ions
to activate taste cells in response to fatty acids. Additionally, the store-operated calcium channels
(SOCs) channels orchestrated by STIM1/Orai1/3 were involved in fatty acid-activated Type III
taste cells. Taken together, my second chapter extended my previous findings and concluded that
the components of fatty acid taste transduction function in a sex-specific manner and that the
different cell types of taste cells may use divergent mechanisms to detect fatty acids.
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In my last chapter, I focused more on the effect a long-term high-fat diet has on the
peripheral detection of fat and overall metabolism. In this chapter, my main goal was to examine
how long-term high-fat diets shape the taste system in terms of peripheral fat detection.
Therefore, I hypothesized that there were sex differences in diet-induced obesity and that
estradiol protects females from DIO. Additionally, I was also interested in extending previous
findings from our lab where we saw sex-specific effects of Trpm5-/- mice on a high-fat diet. Thus,
I hypothesized that these differences arise mainly due to the circulating sex hormones in female
mice. To begin addressing these questions, I used WT mice males and female groups (intact,
OVX, OVX+ estradiol treatment) and Trpm5-/- males and female groups (intact and OVX) and
examined their overall metabolic regulation. In the WT mice, I also studied taste cell responses
to fatty acids and gene expression changes after high-fat-diet. In this study, the main finding was
that estradiol replacement in OVX mice has robust effect in both overall metabolic parameters
(e.g., weight gain, caloric intake, fat mass, etc.) and increased taste cell responses to fatty acids.
Estradiol replacement therapy has been shown to have beneficial effects in metabolism (Santen
et al., 2010). In the previous chapters, I have demonstrated that short-term estradiol replacement
therapy in females was able to re-sensitize the taste system after OVX. In this study, I further
demonstrated that estradiol is beneficial in a diet-induced obesity model, particularly in OVX
females where metabolic dysregulation occurs. Recently, it was reported that G-1, a specific
agonist for GPER1 may have similar metabolic effects as estradiol and may even be more
precise for targeted potential as a therapeutic in obesity and metabolic related diseases (Sharma
et al., 2020). Because I have also shown that GPER1 is particularly important in mediating the
increased fat taste responsiveness in females, it is important to target GPER1 in a long-term
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high–fat studies to see if those reported beneficial effects also extend to the taste system.
Additionally, TRPM4 and TRPM5 have both been implicated in calcium signaling in monocytes
and macrophages, and in splenic B cells, respectively (Serafini et al., 2012 & Sakaguchi et al.,
2020). These studies have shown that lack of Trpm5 negatively regulates Ca2+ responses after
LPS-induced inflammatory responses. Similarly, TRPM4 is crucial for appropriate monocyte and
macrophage function, particularly in response to infection through calcium signaling. Our longterm HFD study has a global effect in addition to metabolic tissues including that are apart of
immune system, therefore, it is possible that our findings may generalize to other systems.

Estradiol Signaling and Taste
My experiments have thus far focused on the initial studies of exploring sex differences
in the taste system. While I mainly focused on fat taste, in the future, it is important to examine
sex differences in other tastants (e.g., sweet, bitter, umami, salt, sour) and see if these same
mechanisms exist. Sweet and salt taste has been the two other tastants that have been explored
with respect to sex differences. Curtis and colleagues (2004) conducted an experiment examining
the different factors that influence an animal’s response to sugar intake. In the study, both female
and male rats were conditioned with a fructose infusion to both a non-sweet solution and a sweet
solution and a water infusion to a non-sweet solution and a sweet solution. The study found both
females and males preferred the sweet solution conditioned with fructose infusion, however,
males strongly avoided the non-sweet solution while females were indifferent. The results of the
study concluded that females may have a higher taste threshold for sweet solutions. While a
number of variables could account for the variability involving sex difference in sweet tastant,
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Curtis and colleagues (2004) proposed a hypothesis where they described the female sex
hormone, estrogen, accounting for the sensitivity difference. When performed a conditioned taste
aversion, they found that ovariectomized rats that were injected with estrogen replacement
hormone preferred the aversive solution more than those who did not receive the hormone
replacement. Similar to the findings in this dissertation, this provided evidence that estrogen
altered sweet tastant detection threshold in rats. Given that sweet taste and fat taste share a
common signaling pathway involving TRPM4/5 channels, it is possible that estradiol action on
sweet is similar to that of fatty acids on taste cells. In a human research study, they found that
salt taste decreased in women with low progesterone serum whereas sweet taste increased in
those who had high estradiol levels in serum; with increased estrogens linked to increased
detection (Barbosa et al., 2015). While the effect of progesterone on food intake is less studied
compared to estradiol, it has been reported that in contrast to estradiol, progesterone increases
food intake (Asarian & Geary, 2006).
In this work, I examined estradiol’s (E2) effect on the taste system in young adult mice
and mice that have been on a long-term HFD. It is possible that other sex hormones such as
testosterone and progesterone may also play a mechanistic role in mediating taste responses. We
have found that in females during high progesterone phases (late estrus) of the estrous cycle,
female mice have similar fat taste responsiveness profile as males. Male mice on a high-fat diet
become obese and we expect that females with high serum progesterone may have similar
metabolic profile as males. Nevertheless, more experiments are needed to delineate the
mechanistic effects of progesterone circulation and to determine the presence of progesterone
receptor (PR) in taste cells. Given the importance of estradiol in mediating taste perception, it is
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possible that PR maybe involved in taste by modulating the effects of estrogen receptors (ERs).
In ERα-positive breast cancer, the expression of PR is used as a positive biomarker for breast
cancer prognosis. Mohammed and colleagues (2015) showed that PR is an associated protein of
ERα and regulates ERα chromatin binding and eventual transcriptional activity. Therefore,
similar processes may be at play within the taste system and that Pr may regulate transcriptional
activity of Erα. Moreover, I explored the acute effects of circulating E2, and it is possible that
sex-specific effects in taste responses may start prior to E2 circulation and during estradiol
synthesis. Moreover, in addition to ovarian-estrogen production, local estrogen production may
be contributing to taste responsiveness. Swithers and colleagues (2013) found that removal of
ovaries in rats prior to puberty resulted in behavioral response differences between males and
females in the consumption of sweeteners and calorically rich sweet stimuli; suggesting that
local, non-ovarian hormone production may influence these response differences.
Aromatase is a hormone that synthesizes estradiol; therefore, it is possible that targeting
estradiol or other sex hormones’ synthesis within the taste may also shed light on some of the
complexities that were observed in these experiments. Experiments that can be studied to this
effect may include examining the distribution of markers for steroidogenesis expression in the
mouse taste system. There is evidence that essential enzyme markers for steroidogenesis;
P450scc (cytochrome P11A; initial step of all classes of steroid hormones) and P450 aromatase
(cytochrome P19; final step for estrogen synthesis), are present in the taste buds of rats. The
findings from this study concluded that based on immunofluorescence and immunoblot results
that these key steroidogenic enzyme markers, particularly aromatase, is highly present in the
circumvallate of Type II taste cells and very little, if any, in Type III taste cells. Given our
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current evidence that estrogen is an important mediator in Type II taste cells, it is possible that
these effects may be arising from local production of estradiol within the taste bud.
To date most of the work on fat taste focused on the signaling mechanisms in Type II
taste cells. I have found that an additional fatty acid-mediated pathway exists in Type III taste
cells. In summary, Type III taste cells use Ca2+ ions for LA-induced taste activation and the
CRAC channels (Orai1/STIM1) are involved in these pathways (Fig. 34C). More detailed
experiments are needed to delineate this pathway. For example, it is well characterized that Type
III taste cells lack GPCRs and TRPM5, so the initial experiments would involve examining the
molecular receptors that initiate the activation of fatty acids in Type III taste cells. I hypothesize
that fatty acid activation in Type III taste cells is mediated by CD36. An experiment to test this
would include incubating GAD67-positive taste cells with the CD36 inhibitor or fatty acid
uptake inhibitor sulfo-N-succinimidyl oleate (SSO) and then measuring LA-induced taste cell
activation. I expect that SSO would virtually inhibit LA-induced Type III taste cell activation,
indicating that Type III cells primarily rely on CD36 as a fatty acid sensor. Because of our
findings that CRAC channels were essential in the LA-induced Type III taste cell activation. I
hypothesize that store operated Ca2+ entry is essential for LA-induced Type III taste cell
activation. Thus, a second experiment to confirm these findings would include assessing Ca2+
entry in response to store depletion with the endoplasmic reticulum Ca2+ ATPase Ca2+ pump
blocker, thapsigargin, using the ratiometric dye fura-2 to monitor cytosolic Ca2+ levels upon LA
stimulation. Collectively, these experiments would outline the mechanistic utility of fatty acid
activation in Type III taste cells and would allow us to expand our understanding of fatty acid
signaling in the taste system.
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I have found that GPER1 expression is restricted to Type II taste cells and ERα exists as
its nuclear form in taste cells. In preliminary data that I collected towards the end of my
dissertation, I have found that, in contrast to Type II taste cells, estradiol decreases LA-induced
Type III taste cells. Thus, the ER responsible for the fast-acting responses in Type III taste cells
is currently unknown and requires further experimentation. Erβ transcript is expressed at very
low levels in both males and females on chow diet. However, in the long-term HFD experiments,
Erβ was the highest expressing ER compared to Erα and Gper1. While we have not tested ERβ
protein location or levels in taste cells due to the lack of availabilities in obtaining appropriate
and accurate antibodies against ERβ, it is possible that ERβ is present in Type III taste only,
given that they make up the least number of cells in the taste bud. I hypothesized that the
divergent responses to linoleic acid by Type II and Type III taste cells may partially mediate
their overall role in fat taste detection. It is possible that Type III taste cells may be responsible
for the plastic changes in taste cells whether these changes are hormone-mediated or occur after
a high fat diet. Nevertheless, more experiments are needed to delineate the exact mechanisms
fatty acid activation in Type III taste cells.
Most of these studies in this dissertation were based on elucidating possible sex
differences on the detection of the polyunsaturated fatty acids in Type II and Type III taste cells.
However, we have also found that in transgenic mice where GFP was expressed in both Type II
and Type III cells, ERα was expressed in GFP cells and non-GFP cells, suggesting that there
might be ER present in Type I cells. Additionally, it has been found that GPR40, a receptor for
fatty acids, is present in Type I cells (Cartoni et al., 2010) suggesting that all three taste cell types
maybe able to detect fatty acids. Therefore, I hypothesize that the role of fatty acid detection and
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presence of nuclear ER in Type I cells may be due to maintenance and homeostatic purposes as
these are the primary role of the Type 1 cells in the taste system (Fig. 34A). Nevertheless, a more
thorough research is needed to further illustrate the selectivity of fatty acid detection by the three
cell types in the taste system and the specific role of estrogen receptors within fatty acid
detection mechanisms.
E2 can bind to GPER1 through two cascades; one results in the production of cyclic
AMP (cAMP) and the other increase in intracellular Ca2+ (Nissan et al., 2011). I have found that
in taste cells, GPER1 follows the latter signaling cascade and increases in intracellular Ca2+. In a
double knockout mouse of Erα and Erβ , it has been shown that GPER1 can also regulate gene
expression (Lindberg et al., 2002); however, we have found that GPER1 exists as an extranuclear
protein in taste cells and is essential for cellular signaling. In addition to binding to genomic
locations by recognition of estrogen response elements (EREs) and regulating transcriptional
changes, Erα and Erβ can also mediate non-genomic changes. In taste cells, I have found,
particularly ERα, to exist as a nuclear form in taste cells. To begin formulating a putative
transduction pathway that is synergistically activated by long chain fatty acids and estrogen in
taste cells, I conclude that long chain fatty acids follow the previously proposed pathway to
activate fatty acid – sensitive receptors and produce calcium influx in Type II taste cells (Fig.
33). When trafficked to the cell membrane, estradiol binds to its receptor and modulates calcium
influx and in the long run can mediate effects through gene expression in Type I, Type II, and
Type III taste cells (Fig. 34) Because of the timing of E2 effect, the calcium influx is believed to
be either mediated by GPER1 in Type II taste cell or another membrane-bound ER in Type III
taste cells.
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Obesity and Energy Intake
Obesity has become of the most debilitating health problems in western countries. The
CDC reports that approximately two-thirds of adults in the U.S. are considered obese and the
prevalence of children has tripled since the 1980s (Flegal at al., 2010). There has been
corresponding increase in diabetes, cardiovascular disorders, cancer, and other nutrition-defect
related disorders as result of obesity. This increase in obesity and its comorbid disorders is
predicted to have a significant impact on the U.S. economy that will continue to deteriorate
(Flegal at al., 2010). While it is clear that obesity is a multifactorial disease stemming from
combinational effects of physiological, genetics, environmental, and psychological factors, its
etiology is largely unknown. In order to evaluate obesity, the complexity of the disease requires
the application of knowledge from various scientific fields. Obesity, at least in humans, is
primarily elicited when genetic factors interact with particular behavioral, environmental, and
social factors. These multidirectional interactions potentially result in obesity. It can be
recognized as a result of complex interactions of regulatory systems, when operating normal,
works to balance energy with expenditure and bring homeostatic effects. However, when these
key regulatory systems fail to function accordingly, it results in an unbalance of energy intake
and expenditure thus allowing variability in the system.
The multifunctional protein, CD36, plays an essential role in lipid sensing (DegracePassilly & Besnard, 2012). Lack of Cd36 in rodents have been found to lead to impaired fatty
acid uptake, utilization, and rely mainly on glucose metabolism for energy (Hajri & Abumrad,
2002). In humans, lack of CD36 results in impaired myocardial fatty acid uptake and maybe
linked to cardiomyopathy (Tanaka et al., 2001). Genetic association studies involving CD36
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have illustrated that CD36 single nucleotide polymorphisms (SNPs) have been associated with
increased in the development of diabetes-related cardiovascular disorders in Caucasians and
Korean populations ( Ma et al., 2004). Additionally, a genome wide association (GWA) study
found that there are 15 CD36 SNPs associated with the risk of stroke (Ikram et al., 2009) and
CD36 SNPs are also associated with obesity (Bokor et al., 2010). In a large cohort study of
African Americans, Love-Gregory and colleagues (2011) examined the most common 15 SNPs
of CD36 associated with metabolic syndrome, free serum fatty acids, and high-density
lipoprotein (HDL) on CD36 protein and CD36 transcript levels. The result indicated that
multiple CD36 SNPs were associated with serum HDL and metabolic profile suggesting that
these CD36 variants maybe relevant to metabolic syndrome predisposition in African Americans.
In reference to the oral detection and preference for fat, it was also found that CD36
polymorphisms in African Americans was associated with increase in perception of fat (Keller
et al, 2012) and the same CD36 polymorphism genotype was associated with increased in fat
detection thresholds (Pepino et al., 2012). While there are not many studies regarding genetic
studies examining taste genetics at the population levels, Risso et al., 2017 identified genetic
variants of chemosensory receptors (sweet, bitter, umami, etc.) that varied across populations and
associations with food habits and choices based on these variants. Interestingly, variants of
TRPM5 was found to be more frequent in populations with Asian ancestry and prior study by
Keller et al., (2011) concluded that this TRPM5 variant (rs800345) was associated with prediabetic phenotypes and could potentially impart information on genetic variability and glucose
tolerance. Collectively, these studies indicate that chemosensory protein polymorphisms are
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expressed heterogeneously and illustrate the value of conducting more genetic research in
proteins and transcripts involved in nutrient detection in various populations.
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Figure 34: Estrogen signaling in fatty acid transduction pathway in Type II taste cells.
Long chain fatty acids follow the previously proposed pathway to activate fatty acids involving CD36, GPR120, and PLC-mediated
TRPM4/TRPM5 activation. Non-genomic signaling pathway of estrogen starts with the binding of E2 to the ERs located at the plasma
membrane or in the cytosol resulting in intracellular signaling. In Type II taste cells, E2 binds to extranuclear and membrane-bound
GPER1 to increase intracellular calcium. In the long-run such as during a high-fat diet or hormone milieu disturbance, estradiol can
promote target gene expression (i.e., genes involving fat taste) by binding to the E2-ER complex (e.g., ERα) to the estrogen response
elements (ERE).
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Figure 35: Putative transduction pathways of PUFAs in cell types of the taste system with respect to estrogen signaling.
A) In Type I taste cells, PUFAs may be detected by GPR40 and lead to increase in [Ca2+]i. Type I cells also have voltage-gated
outward currents and PUFAs may inhibit these outward currents. B) Upon fatty acid stimulation, Type II cells follow similar pathway
as other GPCR-mediated tastants but involve both CD36 and GPR120 as fatty acids sensors leading to PLC-mediated pathway and
activation of TRPM4 and TRPM5. C) Type III taste cells are activated upon PUFAs stimulation. The specific elements involving fatty
acid transduction mechanism in Type III taste cells are largely unknown but involve SOCE channels for calcium influx.
Created with BioRender.com
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